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ABSTRACT

CHARACTERIZING THE DORMANCY AND REPAIR OF A CIRCUMNEUTRAL
PASSIVE REMEDIATION SYSTEM RECEIVING IRON AND SULFATE-RICH
AMD

By
Garrett Struble
May 2021

Dissertation supervised by Nancy Trun, PhD
The Wingfield Pines remediation system is a ~20-acre circumneutral, gravity-fed
system constructed in 2009 to passively remediate Fe from an ~2000 gallon/minute
effluent. In 2017, a fracture to the system’s underground cavern caused the AMD effluent
to bypass the system, flowing directly into Chartiers Creek and leaving the system
decommissioned between 2017-2019. Soil slurry and water samples were collected in the
weeks prior to the system’s reinstalment in September 2019 through January 2020 in
order to determine the effect of the repair on remediation efficiency and microbial
community composition. This study acted as the first to describe the temporary
decommissioning of a previously functioning passive remediation system. Additionally,
this study adds to the growing body of data compiled for contaminant levels and
microbial communities throughout the Wingfield Pines PRS. The partitioning of Fe, Mn
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and Sulfate throughout the Wingfield Pines system were described, showing significant
reductions of all Fe and Mn and an increase in the remediation efficiency of Fe as
compared to 2017. 16s rRNA sequencing identified a high abundance of the order
Chloroplast, particularly in the wetlands. After the system’s reinstalment an increase in
the abundance and diversity of Chloroplast and bacterial orders such as Candidatus sp.,
Caulobacterales, and Anaerolineales was identified. Overall, the system’s reinstalment
was characterized by a short calibration period followed by the immediate and efficient
remediation of Fe (avg = 97.03%). Mn took slightly longer than Fe to reach peak
remediation efficiency and showed variable remediation (avg = 69.58%). Sulfate was not
remediated in the system (ponds 1-5) but showed a small decrease in concentration in the
wetlands.
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INTRODUCTION
Abandoned Mine Drainage in Pennsylvania
The prevalence of AMD in Pennsylvania (PA) can be attributed to the state’s large coal deposits
and historical legacy of mining1. PA is the third largest coal-producing state with a long history
of previous and current coal-mining operations2. The first coal mines in Pennsylvania originated
in Mount Washington in the city of Pittsburgh (Allegheny County) in the late 1700s3. Originally,
coal was used to power the growing city of Pittsburgh3 . Pittsburgh’s steel industry boom in the
late 1800s further increased demand for both bituminous and anthracite coal3. Between 18702018, 12,068,533,671 tons of bituminous coal and 5,383,465,423 tons of anthracite coal were
produced in PA4-5. Bituminous coal is widespread in central and western PA and is used
traditionally in industry and coal-power production due to its relative impurity1. Anthracite coal
is mainly found within eastern PA coal deposits and is used traditionally in metal production1.
Anthracite coal contains fewer impurities and a higher carbon content (>95% carbon vs ~60%
carbon) than bituminous coal, therefore producing a hotter flame when burned1.

Differences in bituminous and anthracite coal deposits are reflected by their production methods
and overall production quantity. In 2018, 189 mines accounted for 51,790,503 tons of
bituminous coal production in PA6. Of bituminous coal mines, 35 were underground and 138
were surface operations6. Despite having nearly 4 times as many surface mines, PA produced
~86.2% of bituminous coal from underground operations and only ~6.6% from surface
operations6. In 2018, 105 mines accounted for 6,723,741 tons of anthracite coal production in
PA6. Of anthracite coal mines, 9 were underground and 48 were surface operations6. In contrast
to bituminous coal production, only ~1% of anthracite coal originated from underground mining
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operations while ~30.8% originated from surface mines6. Both bituminous and anthracite coal
production utilize a technique called coal refuse mining in which previously mined legacy cites
are revisited to acquire additional coal deposits3, 6. In 2018, coal refuse mining accounted for
~7.2% of bituminous coal production and ~68.2% of anthracite coal production in PA6.

Coal mining operations in PA have not only been historically dangerous for workers, but also the
integrity of PA’s watersheds and greater ecology. During and after cessation, coal mining
operations pose a number of human and environmental health and safety hazards including
deforestation, mine fires, dangerous mine openings/highwalls/embankments, sink holes/mine
subsidence, release of hazardous/explosive gasses (i.e radon/methane), landslides, mining
waste/tailing, clogged streams, and, the release of AMD7-8 . To date, more than 5,500 miles of
streams in PA have been degraded by AMD or waste associated with coal mining9. Before the
Surface Mining Control and Reclamation Act of 1977 (SMCRA 1977), the state government and
responsible mining organization had no legal obligation to remediate abandoned mining sites10.
Legacy mining operations pre-SMCRA 1977 continue to pose serious health and environmental
hazardous until properly remediated10 . Title IV of SMCRA 1977 required the PA government to
inventory abandoned mine lands (AML) and develop a remediation strategy which is overseen
by the Bureau of Abandoned Mine Reclamation10. Initially, SMCRA 1977 created the AML
Trust Fund which accrued a fee of 35 cents per ton of surface-mined coal produced and 15 cents
per ton of underground-mined coal produced9-10. The PA Department of Environmental
Protection (PA DEP) has identified 296 AML in Allegheny county alone, with over 5567
statewide10. AML sites fall within 3 remediation priorities established by SMCRA 1977: 1)
extreme public health hazards, 2) public health hazards from the adverse effects of coal mining,
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and, 3) land and water restoration7. Following these guidelines, the PA DEP has spent a total of
$673,972,946 on projects related to AML remediation efforts7, 9. The PA DEP estimates that
287,000 acres of AML totaling $5 billion in future repairs remain unclaimed9. PA’s AML Trust
Fund expires in 20219. Reductions in AML grants and a 20% reduction to coal fees in 2006
greatly reduced PA’s AML Trust Fund budget9 . While future of PA’s AML Trust Fund is
uncertain, the need for such funds are apparent.

Abandoned Mine Drainage Chemistry
During and after cessation of operations, improperly managed mining and mining waste disposal
sites have the potential to create an environmental pollutant called abandoned mine drainage
(AMD)11-13. AMD has extreme pH values that can range from extremely acidic to basic (-3.512)11. Acidic AMD is produced by free H + ions and dissolved metal ions while basic or
circumneutral AMD is buffered by mineral deposits such as calcium carbonate (CaCO3) in
limestone.11-12 Sulfate is particularly prominent in AMD effluent resultant from coal mining
operations due to the mineral’s high organic sulfur content.13 Though typically found in pyrite,
sulfur can form metal sulfides with many other metal and metal compounds such as Cu2+, Pb2+,
Zn2+, and, Cu2+Fe2+.13 AMD may be generalized into three broad categories: 1) acidic, typically
with high levels of Al and Mn; 2) circumneutral, typically with high levels of Fe and sulfate; 3)
basic, typically with lower dissolved metal levels than acidic/circumneutral AMD11, 14-15.
Regardless of general composition, AMD negatively impacts the environment on multiple levels
due to its pH, toxic concentrations of metals, sulfate concentration, salinity, and metal-rich
sediments.12, 16-17 The degree to which AMD will affect the chemistry and greater ecology of a
particular body of water depends on many factors such as pH, buffering capacity, and,
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sedimentation, as well as the content of the AMD effluent itself.16-17 The environment within
abandoned mines/mine disposal sites where AMD originates also varies in pH, abundance of
metal within composite minerals, redox conditions (bacterially mediated), and,
precipitation/solubilization of metal species11, 13. These conditions affect the overall redox
potential and solubility of generated dissolved metals, therefore determining the content of AMD
effluent.11-12 Additionally, the heat from the exothermic reactions, pH, and evaporation rate
affect the ability and rate at which soluble efflorescent salts form.11 Efflorescent salts further
contribute to pH and metal content when dissolved in AMD effluent.11

AMD is created when metal-sulfide minerals such as pyrite (FeS2) undergo oxidation in the
presence of water and oxygen, resulting in an exothermic reaction which produces sulfate,
soluble metal ions, and free H+ ions in equation 18, 11-13.

2Fe𝑆𝑆2 (s) + 2𝐻𝐻2 O + 7𝑂𝑂2 → 2𝐹𝐹𝐹𝐹 2+ + 4S𝑂𝑂42− + 4𝐻𝐻+

(1)

Ferrous iron (Fe2+) created in equation 1 may be oxidized abiotically in the presence of oxygen
(equation 2) or biotically by various bacterial mechanisms (equations 3-5).11-12, 18-20
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𝐹𝐹𝐹𝐹 2+ + 4𝑂𝑂2 + 𝐻𝐻 + → 𝐹𝐹𝐹𝐹 3+ + 2𝐻𝐻2 𝑂𝑂 (𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 𝑝𝑝ℎ < 5)
𝐹𝐹𝐹𝐹 2+ + 𝑂𝑂2 + 4𝐻𝐻 + → 4𝐹𝐹𝐹𝐹 3+ + 2𝐻𝐻2 𝑂𝑂 (𝐴𝐴. 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑝𝑝𝑝𝑝 < 5)
𝐻𝐻𝐻𝐻𝑂𝑂3− + 4𝐹𝐹𝐹𝐹 2+ + 10𝐻𝐻2 𝑂𝑂 → C𝐻𝐻2 𝑂𝑂 + 4𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3 + 7𝐻𝐻 + (𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 )
4

(2)
(3)
(4)

10𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂3 + 2𝑁𝑁𝑂𝑂3− + 24𝐻𝐻2 𝑂𝑂 → 10Fe(𝑂𝑂𝑂𝑂 )3 + 𝑁𝑁2 + 10𝐻𝐻𝐻𝐻𝑂𝑂− + 8𝐻𝐻 + (𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ) (5)

Without bacteria, the oxidation of ferrous (Fe2+) iron at low pH (<5) is not rapid enough for
pyrite oxidation to occur continuously.8, 11-12 Therefore, only a small amount of ferric (Fe3+) iron
would remain in solution to drive the formation of AMD in equation 1 without bacteria capable
of metal oxidation.11-12 Ferric (Fe3+) iron created through abiotic or biotic oxidation reacts with
pyrite in equation 6 to continue the cyclic reactions resulting in AMD8 .

Fe𝑆𝑆2 (s) + 14𝐹𝐹𝐹𝐹 3+ + 8𝐻𝐻2 O → 15𝐹𝐹𝐹𝐹 2+ + 2S𝑂𝑂42− + 16𝐻𝐻 +

(6)

When anoxic AMD containing soluble ferrous iron surfaces, iron hydroxides are created
according to equation 78.

+
𝐹𝐹𝐹𝐹(𝐻𝐻2 𝑂𝑂)2+
6 + ↔ 𝑒𝑒 − +𝐹𝐹𝐹𝐹 (𝑂𝑂𝑂𝑂 )3 (𝑠𝑠 ) + 3𝐻𝐻2 𝑂𝑂 + 3𝐻𝐻

In addition to generating H+ in equation 1, AMD contains hydrated metal ions which act to
further generate H +.8 Ferric (Fe3+) iron produced by the oxidation of ferrous (Fe2+) iron in
equations 2 and 3 interacts with water to further contribute to overall acidity according to
equation 88.
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(7)

+
𝐹𝐹𝐹𝐹(𝐻𝐻2 𝑂𝑂)3+
6 ↔ 𝐹𝐹𝐹𝐹(𝑂𝑂𝑂𝑂)3 + 3𝐻𝐻 + 2𝐻𝐻2 𝑂𝑂

(8)

During the oxidation of pyrite in equation 1, sulfuric acid is formed according to the oxidation
reactions in equations 9 and 108, 21.

2𝐹𝐹𝐹𝐹𝑆𝑆2 + 7𝑂𝑂2 + 2𝐻𝐻2 𝑂𝑂 → 𝐹𝐹𝐹𝐹 2+ + 2𝑆𝑆𝑂𝑂42− + 𝐻𝐻2 𝑆𝑆𝑂𝑂4
2𝑆𝑆 + 3𝑂𝑂2 + 2𝐻𝐻2 𝑂𝑂 → 2𝐻𝐻2 𝑆𝑆𝑂𝑂4

(9)
(10)

Sulfuric acid is one of the most toxic components within AMD due to its acidic pH, weathering
capabilities, and, direct ecotoxicity8, 17.

Upon exposure to aerobic conditions, (Fe3+) forms oxides, hydroxides, oxy-hydroxides, and,
oxyhydroxysulfates22. Many metal species change phase depending on their redox state8 . For
example, iron (Fe) and manganese (Mn) are soluble in their reduced forms, but solid in their
oxidized forms23. In general, abiotic iron oxidation is dominated by two pH dependent reactions:
homogeneous and heterogeneous oxidation. Heterogeneous ferrous (Fe3+) iron oxidation
dominates at pH 5-6.8, producing solid metal hydroxides which may be commercially upcycled
(equation 14).8, 24-25 Homogeneous ferrous (Fe3+) iron oxidation dominates at pH > 7, producing
low density iron flocculants/coagulants (equation 15).24-25 Both reactions comprise of ferrous
(Fe3+) iron oxidation followed by hydrolysis.24-25 Heterogeneous iron oxidation contains an
additional absorption step before ferrous oxidation.24-25
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1

𝐹𝐹𝐹𝐹 2+ + 4𝑂𝑂2 + 22𝐻𝐻2 𝑂𝑂 → Fe(𝑂𝑂𝑂𝑂)3 + 2𝐻𝐻+ (ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)
−𝑂𝑂𝑂𝑂 + 𝐹𝐹𝐹𝐹 2+ + 14𝑂𝑂2 + 112𝐻𝐻2 𝑂𝑂 → −OFe(𝑂𝑂𝑂𝑂 )2 + 2𝐻𝐻 + (ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)

(14)
(15)

Metal sulfides are stable and insoluble under anoxic conditions8. If exposed to oxidizing
conditions, sulfides become unstable and release their bound metals8 . It should be noted that
equation 15 relies on 2 microbially mediated equations described in the next section. The
complexity of the chemistry within AMD effluents and remediation systems quickly becomes
apparent. The equations listed thus far have focused mainly on the abiotic cycling of iron species
and sulfate. In addition to iron, AMD may contain a variety of dissolved metals such as: Al, As,
Cd, Co, Cr, Cu, F, Mn, Mo, Ni, Pb, Sb, Sr, U, and, Zn.11, 26 These metals are also subject to
countless reactions with other species and biochemical cycling, as well as varying pH, redox
potentials, oxygen levels, and, temperatures8, 11, 14, 23, 26. The result is a very complex system of
reactions which is difficult to model in its entirety. A generalized diagram can be created for the
redox speciation of common AMD components to help in visualizing some of the system’s
components. Figure 1 is adapted from (Nealson and Saffarini 1994) and (Manahan 2017) and
shows the redox speciation of common AMD components8, 23.
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Figure 1. Speciation of Common AMD Pollutants in Water. The diagram above was modified
from (Nealson and Saffarini 1994) and (Manahan 2017) to depict the speciation of common
AMD pollutants in aquatic systems. The thick blue lines represent a body of water, the thin blue
line; the surface of water, and, the double black lines; the interface between oxidizing and
reducing conditions. Several trends are expressed: [O2] decreases with depth, O2 creates
oxidizing conditions, reduction tends to occur under anoxic conditions, Mn and Fe are soluble
when reduced and solid when oxidized, dissolved solids tend to settle over time, and, species are
cycled between redox states.
In addition to oxygen concentration, carbon and pE must also be considered in the context of
redox potential as the oxidation of carbon and differing energy potentials of electron acceptors
influence overall redox potentials23 . In bodies of water, redox potentials exist in gradients due to
water/sediment’s oxygen gradient and varying pE and pH values23. When oxygen or nitrate
(NO3) are present, Mn(II) and Fe(II) tend to lose electrons because of their lower electron
affinities23. Under anoxic conditions, Mn(IV) and Fe(III) tend to gain electrons, because they are
more powerful electron acceptors than sulfate (SO42-) and carbon dioxide (CO2)23. Many factors
such as sediment composition (i.e. clay/humic acid/sulfur content), microbiology and organic
carbon affect anoxic metal reduction23. Furthermore, metal species can have varying tendencies
to be reduced; for example, Mn(IV) is more readily reduced than Fe(III) 23. When reduced by
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organic compounds, manganese reduction occurs more rapidly than iron reduction23. The redox
state of species in a system is determined by pE-pH boundaries established by the oxidation and
reduction limits of H2O in natural waters8, 23. Therefore, pH and pE affect the solubility of
dissolved metals and their tendency to become oxidized/reduced, both of which determine
speciation in AMD effluents23.

Abandoned Mine Drainage Biochemistry
Abandoned mine drainage (AMD) tends to contain lower microbial species diversity than
unpolluted waters14, 27. The direct ecotoxicity, pH, and low dissolved organic carbon are the main
limiting factors for microbial life in AMD8, 27-28. The AMD environment is unique not only for
its extreme conditions, but also its extreme lifeforms11. The selective pressures within an AMD
polluted environment enrich for AMD producing bacteria, extremophiles (acidophiles), and
sulfur reducing and oxidizing bacteria such as Acidimicrobiales, Methylophilaceae, and
Legionellaceae14, 26-27. A 2019 study of the acidic Middle Branch passive AMD remediation
system in Clinton County PA found that AMD was enriched in the acidophiles:
Acidimicrobiales, Methylopilaceae, Legionellaceae14. The AMD remediation system was also
found to be enriched with sulfur-reducing bacteria14 . As long as reduced metal and sulfur species
are present, chemoautotrophs with metal metabolizing genes are found11 . The byproducts from
chemoautotrophic metal metabolism then provide organic carbon for the growth of heterotrophic
bacteria11.

Microbiologically catalyzed oxidation-reduction reactions of AMD-associated metal species is a
well-documented phenomenon.8 In fact, microbes are present at all steps of the AMD lifecycle

9

from catalyzing pyrite oxidation at formation to providing potential remediation strategies via
metal-sulfide coupled reduction in passive treatment wetlands.8, 11, 14 At acidic pH, the abiotic
oxidation of ferrous (Fe2+) to ferric (Fe3+) iron is too slow to allow the reaction to occur
continuously without iron oxidizing bacteria such as Acidithiobacillus ferrooxidans,
Leptospirillum ferrooxidans, and, Thiobacillus ferrooxidans to catalyze the reaction.11, 13 AMD
bacteria must tolerate extreme conditions and compete not only with other bacteria, but abiotic
reactions for their energy needs8 . Under aerobic, circumneutral conditions, ferrous (Fe2+) iron
rapidly loses an electron to O 2 to form ferric (Fe3+) iron8. In these oxidizing conditions, Fe2+ is
not available for bacterial oxidation8. Therefore, the growth of AMD-associated metal
metabolizing bacteria tends to be restricted by the gradient of O2 and Fe2+ sources depicted in
Figure 1. In addition to growing at the boundary between electron receptors and at the interface
of suspended solids, bacterial growth tends to be defined by oxygen boundaries8.

Microbes other than bacteria which may exist in AMD environments include: protozoa, fungi,
and, algae8 . Protozoa play a small role in biochemical metal cycling but may influence the AMD
environment by eating other microorganisms, depositing CaCO3, and oxidizing organic carbon8.
Fungi display a higher level of acid and heavy metal tolerance than bacteria, but do not grow
readily in water8 . Therefore, fungi have a limited ability to affect liquid AMD, but may influence
AMD systems, particularly AMD wetlands, by the creation of metal-complexing byproducts
such as humic/fulvic acids8. Algae interacts more directly with bacteria by creating organic
carbon (biomass), producing O2 under photosynthetic conditions, and consuming O2 under nonphotosynthetic conditions8. Depending on the amount present, algae can be a dominating force in
determining the amount of oxygen and organic carbon available8 . Bacteria have received a lot of
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attention in AMD microbiology studies due to their ability to cycle metal and sulfur species and
general ease of laboratory cultivation. Various bacteria summarized in Table 1 have been shown
to be associated with AMD8, 11. Aerobic, anaerobic, and, facultative bacteria have all been found
to be involved in metal/sulfur biochemical cycling8, 23. Many of the bacteria involved in Mn(IV)
and Fe(III) reduction are facultative anaerobes with the ability to use many electron receptors,
therefore taking advantage of energetically favored species within the changing redox potential
of the AMD environment8, 23. This behavior allows bacteria to grow and meet their energy needs
under a wide variety of extreme conditions, making them well suited to AMD environments23.

A variety of bacterially mediated redox reactions have been identified within AMD. Iron,
manganese, and sulfate have received a lot of attention due to their relative abundance in nature
and participation in geochemical cycles8, 23. Equations 17-20 describe several common
bacterially mediated redox reactions in AMD systems8, 23. These reactions simplify the overall
redox conditions but allow a general understanding. The system’s complexity greatly increases
further when considering interactions such as the indirect reduction of manganese oxides (MnO2)
by Fe2+ created by iron-reducing organisms23

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅:

1
1
1
{𝐶𝐶𝐻𝐻2 𝑂𝑂} + 𝐻𝐻2 𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐻𝐻+ + 𝑒𝑒 −
4
4
4

1
1
1 2− 9 +
𝑆𝑆𝑂𝑂4 + 𝐻𝐻 + 𝑒𝑒 − ↔ 𝐻𝐻𝑆𝑆 − + 𝐻𝐻2 𝑂𝑂
8
8
2
8
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂:
11

(17)

1
1
𝑂𝑂2 (𝑔𝑔) + 𝐻𝐻 + + 𝑒𝑒 − ↔ 𝐻𝐻2 𝑂𝑂
2
4

1
1
9
1
𝐻𝐻𝑆𝑆 − + 𝐻𝐻2 𝑂𝑂 ↔ 𝑆𝑆𝑂𝑂42− + 𝐻𝐻+ + 𝑒𝑒 −
2
8
8
8

(18)

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝐼𝐼𝐼𝐼 ) 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂:

1
1
𝑂𝑂2 (𝑔𝑔) + 𝐻𝐻 + + 𝑒𝑒 − ↔ 𝐻𝐻2 𝑂𝑂
4
2

𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂3 (𝑠𝑠) + 2𝐻𝐻2 𝑂𝑂 ↔ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑠𝑠) + 𝐻𝐻𝐻𝐻𝑂𝑂3− + 2𝐻𝐻+ + 𝑒𝑒 −

(19)

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (𝐼𝐼𝐼𝐼 ) 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂:

1
1
𝑂𝑂2 (𝑔𝑔) + 𝐻𝐻 + + 𝑒𝑒 − ↔ 𝐻𝐻2 𝑂𝑂
4
2

1
1
3
1
𝑀𝑀𝑀𝑀𝑀𝑀𝑂𝑂3 (𝑠𝑠) + 𝐻𝐻2 𝑂𝑂 ↔ 𝑀𝑀𝑀𝑀𝑂𝑂2 + 𝐻𝐻𝐻𝐻𝑂𝑂3− + 𝐻𝐻+ + 𝑒𝑒 −
2
2
2
2

(20)

Metal reduction in microbially active aquatic systems may be dissimilatory or assimilatory23 .
Dissimilatory metal reductase enzymes are membrane bound e- transport enzymes that function
under anaerobic conditions23. Dissimilatory metal reductase activity may be coupled with
cellular respiration23. Assimilatory metal reductase enzymes, on the other hand, are soluble etransport enzymes functioning under aerobic conditions23 . During assimilatory processes,
microorganisms absorb and incorporate the soluble metal species for use in cellular
function/structures23, 29. During dissimilatory processes, on the other hand, microorganisms
utilize heavy metals as external electron donors23, 29. Therefore, assimilatory reduction may aid in
the remediation of soluble metal species under the aerobic conditions of the PRS system while
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dissimilatory processes may further sequester metal species in anoxic sludge and wetland soils.23,
29

A set of unique biochemical reactions occur in wetlands receiving AMD8, 22-23. Under anaerobic
conditions, sulfate (SO 42-) tends to become reduced to sulfide (H2S)8 . Bacteria play an important
role in sulfur speciation due to their ability to reduce sulfate and oxidize sulfide8. Sulfide species
rapidly react with oxygen when present, therefore they tend to exist only in anoxic sediments8, 22.
Anoxic wetlands receiving AMD are categorized as an environmental hazard called acid sulfate
soil due to the potential of metal sulfide ions to become oxidized upon drought, thereby releasing
toxic concentrations of metals8, 22 . Sulfur reduction in anoxic sediments depends on dissimilatory
sulfate reducing bacteria and requires sulfate, organic matter, and, Fe(III) supplies22. The
bacterially mediated sulfur cycle in AMD wetlands begins with the reduction of sulfate to sulfide
coupled with carbon oxidation in equation 21 and ferric (Fe3+) iron hydroxide’s (Fe(OH)3)
reduction to ferrous (Fe2+) iron in equation 228, 22. Ferrous (Fe2+) iron and sulfide then react
abiotically to form stable iron sulfide precipitants in equation 238, 22.

𝑆𝑆𝑂𝑂42− + 2{𝐶𝐶𝐻𝐻2 𝑂𝑂} + 2𝐻𝐻+ → 𝐻𝐻2 𝑆𝑆 + 2𝐶𝐶𝑂𝑂2 + 2𝐻𝐻2 𝑂𝑂
𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻)3 (𝑠𝑠) → 𝐹𝐹𝐹𝐹 2+ (𝑎𝑎𝑎𝑎 )

𝐹𝐹𝐹𝐹 2+ + 𝐻𝐻2 𝑆𝑆 → 𝐹𝐹𝐹𝐹𝐹𝐹 (𝑠𝑠) + 2𝐻𝐻 +

(21)

(22)
(23)

Pyrite (FeS2) is formed abiotically in anoxic sediments according to equations 24 and
25 or by sulfate-reducing bacteria in equation 2622.

𝐹𝐹𝐹𝐹𝐹𝐹 (𝑠𝑠) + 𝐻𝐻2 𝑆𝑆 (𝑎𝑎𝑎𝑎 ) → 𝐹𝐹𝐹𝐹𝑆𝑆2 + 𝐻𝐻2
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(24)

𝐹𝐹𝐹𝐹𝐹𝐹 (𝑠𝑠) + 2𝑆𝑆 → 𝐹𝐹𝐹𝐹𝑆𝑆2 + 𝑆𝑆

(25)

1
𝐹𝐹𝐹𝐹2 𝑂𝑂3 (𝑠𝑠) + 4𝑆𝑆𝑂𝑂42− + 8𝐶𝐶𝐻𝐻2 𝑂𝑂 + 𝑂𝑂2 → 2𝐹𝐹𝐹𝐹𝑆𝑆2 + 8𝐻𝐻𝐻𝐻 𝑂𝑂3−(𝑎𝑎𝑎𝑎 ) + 4𝐻𝐻2 𝑂𝑂
2

(26)

The acidity of acid sulfate soils is caused by the generation of free metal and H+ ions during the
reduction equations 22 and 238, 22. The oxidation of pyrite or iron monosulfides in acid sulfate
soils further contributes to acidity22. Since AMD can contain many elements and compounds,
acid sulfate soils may act to solubilize ecotoxic metal precipitants as pH decreases8.
Table 1. AMD-Associated Bacteria
Characteristic
Bacteria
Bacteria associated with
Ferrobacillus (i.e. Ferrobacillus
AMD formation via
ferrooxidans), Thiobacillus (i.e.
oxidation of reduced metal
Thiobacillus ferrooxidans and
species and other inorganic
Thiobacillus thiooxidans),
compounds (typically iron
Gallionella, Sphaerotilus, and
and sulfur compounds).
Metallogenium
Extremophile bacteria found Leptospirillium rubarum,
in underground AMD
Leptospirillium
biofilm.
ferrodiazotrophum, Sulfobacillus,
Acidimicrobium, Acidiphilium,
Acidithobacillus
Dissimilatory metalGeobacter metallireducens
reducing bacteria that may
couple anerobic growth with
Mn(IV)/Fe (III) reduction.
Dissimilatory metalDesulfuromonas acetoxidans
reducing bacteria that may
couple anerobic growth with
S/Fe (III) reduction.
Dissimilatory metalShewanella putrefacians
reducing bacteria that may
couple anerobic growth with
Mn(IV)/Fe (III) reduction.
Facultative anaerobe capable
of utilizing many eacceptors.
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Source
Manahan
2017

Nordstrom
2011

Nealson 1994

Nealson 1994

Nealson 1994

Dissimilatory metalreducing bacteria that may
couple anerobic growth with
S/Fe (III) reduction.
Dissimilatory metalreducing bacteria that may
couple anerobic growth with
metal reduction.

Desulfovibrio

Nealson 1994

Bacillus

Nealson 1994

Abandoned Mine Drainage Remediation Strategies
Remediation strategies for AMD begin at the site of formation through the proper management
of activities associated with mining12-13. AMD formation may be prevented or mitigated through
the management of water flow and proper sealing of mining chambers12-13 . When preventing the
formation of AMD is infeasible or AMD is from a legacy mine such as at Wingfield Pines,
remediation strategies focus on treating existing AMD effluent12-13, 30. The remediation of AMD
effluent can be accomplished actively through the continual addition of chemicals to buffer pH
and precipitate dissolved metals, or passively through the construction of remediation systems.1314, 31

Both treatment approaches have pros and cons. Active systems allow treatment to be

confined to a relatively small area and may produce industrially useful byproducts, but require
constant management and in definitive costs13. Active treatment quickly accrues costs in the
hundred thousand to millions of dollar range (per year) depending on the AMD effluent, flow
rate, and, chemicals used in neutralization13, 32. Passive treatment, on the other hand, requires the
construction of specialized AMD systems (customized to the AMD solution needed) which have
a high initial investment of monetary and land resources12-13, 33. Though they initially require a
higher investment and level of planning, passive remediation systems offer low maintenance,
environmentally friendly remediation options for AMD effluents12-13, 33.
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Whether active or passive, the treatment of AMD is highly dependent on the composition of
AMD effluents11-13 and remediation projects are tailored to the AMD effluent in need of
treatment 13, 32-33 . The type and level of treatment required by a particular AMD effluent varies
with its pH, metal content, and other contaminant compounds such as sulfate13, 33. In the state of
PA, over 300 passive remediation systems have been constructed to target the region’s
environmental health and safety hazards posed by AMD34.

Acidic AMD effluents must be neutralized not only to buffer acidity due to its ecotoxic effects,
but also to allow effective precipitation of metal species as solubility decreases as pH increases8,
11, 13, 16, 33

. Circumneutral/basic AMD may not need buffered (except in the case of extremely

basic effluents) in order to provide effective remediation; therefore treatment focuses on
contaminant precipitation11, 13, 33.

Active treatment relies on chemicals such as calcium oxide (CaO), calcium hydroxide
(Ca(OH2)), ammonia (NH3), sodium carbonate (Na2CO 3), limestone (CaCO3 ), sodium hydroxide
(NaOH), CaO2, kiln ash, fly dust, Mg(OH)2 , and MgO to buffer acidity and promote dissolved
metal precipitation12, 31. The general remediation of acidic AMD with limestone is described in
equations 27 and 28.

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 (𝑠𝑠) + 2𝐻𝐻 + + 𝑆𝑆𝑂𝑂42− → 𝐶𝐶𝐶𝐶2+ + 𝑆𝑆𝑂𝑂42− + 𝐻𝐻2 𝑂𝑂 + 𝐶𝐶𝑂𝑂2
𝐹𝐹𝐹𝐹 2+ + 2𝐻𝐻𝐻𝐻𝑂𝑂3− + 14𝑂𝑂2 → FeOOH(𝑠𝑠) + 32𝐻𝐻2 𝑂𝑂 + 2𝐶𝐶𝑂𝑂2

16

(27)
(28)

As pH is increased by a buffer such as limestone in equation 27, ferric iron (Fe3+) precipitates to
iron(III) oxide (Fe(OH)3) according to equation 298.

𝐹𝐹𝐹𝐹 3+ + 3𝐻𝐻2 𝑂𝑂 → Fe(𝑂𝑂𝑂𝑂 )3 (𝑠𝑠) + 3𝐻𝐻 +

(29)

Over time, iron precipitants may prevent limestone neutralization of AMD by forming
impermeable plaques8 . For a similar reason, after chemicals have reacted to completion with free
acidity and metal ions, more chemicals must be added in an active treatment system13.

Passive remediation systems use biogeochemical processes and gravity to engineer treatment
systems using vertical flow ponds and limestone to buffer pH, physical aeration to form metal
oxides/hydroxides, settling pond to promote dissolved metal precipitation, and, wetlands to
further filter and precipitate metal speceies.12, 14, 31 The buffering of acidic water with calcium
carbonate is a common reaction in both active and passive remediation systems as shown in
equation 27.35 Active and passive remediation both result in metal-oxy/hydroxide rich sediment
which must also be managed.12, 31, 33 The formation of iron oxide-hydroxides due to bicarbonate
buffers as shown in the equation 28 is a common process in AMD treatment 8, 33. In the context
of passive treatment, systems are designed to precipitate metal species by creating an efficient
flow rate in which metal species may effectively oxidize and settle while navigating through the
PRS13, 30. If the flow rate is too rapid, slow, or, uneven AMD efficiency within a PRS may
decrease30.
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A unique situation occurs in a PRS in regards to AMD treatment, particularly within anaerobic
wetlands, as many bacteria have been shown to have a strong effect on remediation efficiency8,
13, 23, 26.

The growth and subsequent decomposition of vegetation within wetlands provides a rich,

seasonally variable supply of organic carbon for microbiological communities to utilize 13, 26, 32.
Wetlands receiving AMD for treatment may be natural or constructed as well as aerobic or
anaerobic13, 22-23, 26, 32. The structure and complexity of wetlands can vary greatly due to soil,
organic matter, plant life, and hydrology13, 22, 32. In general, AMD wetlands are vegetated
primarily by Typha (cattails) and contain variable sediments and water levels determining the
wetland’s aerobic or anaerobic conditions13 .These conditions interact in a complex system,
remediating heavy metals through a number of mechanisms that may be categorized as physical
(plant filtration/sorption, settling/sedimentation), chemical (chelation, complexation, coprecipitation, cation-exchange), or, microbial (biodegradation, redox) in nature13, 22, 32.
Hydrology plays the largest role in determining the dominant biochemical conditions within
wetlands because it controls whether sediments will remain aerobic or become anerobic23, 36. In
aerobic wetlands, metal oxidation and the formation of metal oxy/hydroxides dominates the
biochemical remediation of AMD13. Over time, as wetland soils are saturated with water,
anaerobic conditions develop due to oxygen gradients associated with natural waters and the
high biological oxygen demand within wetland sediment.8, 13

Wetlands receiving AMD precipitate reduce metal species via bonding with organic matter and
humic/fulvic substances and by sequestering oxidized metal species in clays and sediments.8, 16, 36
In addition to microbiological and geological reduction-oxidation of AMD associated metal
species, passive remediation systems provide physical and biochemical metal sequestration via
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aquatic plants.31 Metal sulfides such as iron sulfide tend to form in anoxic sediments according to
equation 168.

𝐹𝐹𝐹𝐹 2+ + 𝐻𝐻2 𝑆𝑆(𝑠𝑠) → FeS(s) + 2𝐻𝐻 +

(16)

In addition to the biochemical remediation of AMD in wetland waters/sediments, wetlands
contain vegetation which act to sequester contaminants through several mechanisms13, 32. The
most important mechanisms for metal sequestration in AMD wetlands are the formation of
insoluble metal oxy/hydroxides and sulfides13, 23, 32. To a lesser extent, organic matter, such as
the reduced organic compounds produced in anaerobic wetlands, acts to remediate heavy metals
in wetlands via complexation13, 32. Heavy metals may also be sequestered via chelation with
sediment components and via direct uptake within plant tissue8, 13.

Wingfield Pines Historical and Ecological Significance

Figure 2. Wingfield Pines Conservation Area. The retention ponds of Wingfield Pines passive
remediation system are labelled 1-5. The influent and effluent of the subsequent wetland are
labelled WI and WE, respectively. In addition to the fountain pipe (white line) AMD enters pond
1 through a separate effluent pipe (o). The general direction of flow through the system and
wetlands is denoted with curved vectors. Effluent from the wetland enters a small retention pond
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(X) before effluent to Chartiers Creek (orange vector). The direction of flow of Chartiers Creek
is denoted with a white vector. Image from Google Earth. Accessed 11 March 2020.

Wingfield Pines Conservation Area is a privately owned conservation project alongside Chartiers
Creek in Bridgeville, PA (40° 20' 27" N; 80° 06' 35" W).37 Approximately 10 miles South of
Pittsburgh, PA, Wingfield Pines provides 87-acres of habitat, floodplains, and riparian buffer
forest for a portion of river belonging to the Ohio River Watershed.37 Allegheny Land Trust
(ALT), a 501(c) non-profit organization, has owned the property since 2001 with the primary
goal of conserving native Pennsylvania ecology.37 The property faces a number of conservation
issues such as invasive plants, flooding, and, AMD. In 2009, ALT constructed a 20-acre passive,
gravity fed remediation system to manage a ~7570 liter/min AMD effluent which otherwise
drains directly into Chartiers Creek, untreated.37 The system acts to remediate ~43 tons of iron
oxide from entering Chartiers Creek every year.37 AMD originates on the property from multiple
abandoned bituminous coal mines.37 Despite these issues, Wingfield Pines provides wetland
habitat to several species of endangered birds as well as various native PA species. Many species
of bird such as Anas platyrhynchos (mallard), Ardea Herodias (great blue heron), Megaceryle
alcyon (belted kingfisher), and Ardea alba (great egret, endangered) utilize the retention ponds
and wetlands of the passive remediation system.37 Chrysemys picta (painted turtle), Chelydra
serpentine (snapping turtle), and Lithobates (American water frogs) may be seen frequently
within the system during the summer.37 The wetlands at Wingfield Pines are comprised primarily
of Sparganium americanum (bur reed) with scattered clusters of Typha (cattails), Impatiens
capensis (spotted jewel weed), Peltandra virginica (green arrow arum), Asclepias incarnata
(swamp milkweed), and various wetland grasses.37-38
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Wingfield Pines has a long history of human usage which began in 1939 with its conversion to
agricultural land.37 Before its exploitation for its rich floodplains soil, Wingfield Pines was
mostly forested with a naturally rolling topography.37 Until 1957, Chartiers Creek maintained its
original meandering oxbow shape and topography but was deforested and plowed.37 In 1957,
coal strip-mining projects were initiated on the property which imposed vast changes to the
landscape.37 To make space for mining staging and waste processing, Chartiers Creek was
artificially straightened, isolating a portion of its oxbow as a small pond named Lynch Pond
which persists today.37 Additionally, the property itself was leveled and the naturally rolling
topography was replaced with a highwall.37 After coal resources were depleted in the mid 1960s,
mining operations ceased and the property was left with an iron-rich AMD discharge.37 Several
years later in 1967, after partially regaining its vegetation, Wingfield Pines was transformed into
a golf course, tennis court, and, swimming pool recreation area.37 After little success, the
property was left abandoned. In 2001, Wingfield Pines was again allowed to reforest as a part of
ALT’s riparian buffer forest conservation efforts.37 Riparian buffer forests provide essential
ecosystem services in maintaining healthy river ecology, filtering runoff pollutants, and
maintaining natural sedimentation processes.39 Both terrestrial and aquatic species rely on
nutrients, habitat, and, shade/oxygen gradients provided by riparian forests.39

When AMD enters streams, rivers, or other bodies of water, multiple aspects of river health are
impacted.16-17 The chemistry of the body of water is immediately impacted by pH differences
and the introduction of toxic acids, heavy metals, metal hydroxides, and, sulfate, among other
contaminants.8, 16-17 Even small changes in pH (on account of its log10 scale) and metal levels can
alter oxygen levels, change visibility (particulates), solubilize otherwise latent pollutants and
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metals, and have devastatingly ecotoxic effects.8, 16-17 These chemistry changes affect multiple
levels of freshwater ecology and its food chains, leading to multi-level decreases in biodiversity
and overall abundance.16-17 In addition to immediate ecotoxicological effects, AMD exposure
can lead to the bioaccumulation of heavy metals and metal sediments which may travel long
distances downstream.16-17 The impact that AMD will have on a particular body of water is
dependent on the chemistry of both the AMD and receiving body.16-17

Remediating AMD is a top priority for conservation organizations such as ALT due to its ability
to negatively impact streams on multiple levels, sometimes beyond repair.16-17 A 2017 rupture to
the passive remediation system at Wingfield Pines, attributed to a fracture of the mining cavern,
led to a total containment breach of the system. For nearly 2 years during the system’s repair,
non-remediated AMD flowed directly into Charties Creek at ~7570 liters/min.37 During the
system’s repair, most retention ponds remained completely dry, allowing various grasses and
cattails in the genus Typha to appear. The system’s repair was completed in 2019, filling the
ponds which were not dredged of metal sediment or plant life. The system’s repair re-directed
the AMD into the remediation system for treatment, again bringing the AMD effluent within
Pennsylvania regulatory standards (pH 6-9, limit of 3.5ppm Fe and 2ppm Mn 30-day averages).40
The repair of the system is discussed in further detail in the next section. Despite efforts at
Wingfield Pines, thousands of AMD effluents remain untreated in the state of Pennsylvania.41

Wingfield Pines AMD Microbiology & Chemistry
Abandoned mine drainage at Wingfield Pines is characterized by a circumneutral effluent with
high levels of iron and sulfate attributed to multiple abandoned bituminous coal mine operation
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on the property.26, 37 In addition to iron and sulfate, a 2017 study by Valkanas and Trun found
that AMD at Wingfield Pines also contains Mn, Al, Ba, Cu, Pb, Sr, and, Zn26. Under these
conditions, manganese and iron are known to behave in several generalized processes in AMD
waters23 . First, Fe2+ is rapidly oxidized to solid precipitants while Mn2+ remains solubilized
unless oxidized by microbes23. Second, manganese carbonate (MnCO3) and iron carbonate
(FeCO3) are formed when Mn(II)/Fe(II) react with bicarbonate ion or CaCO 38, 23. Third, ferric
(Fe3+) iron or other metal cations may react with phosphate (PO43-) to form solid precipitants8, 23.
Fourth, iron and manganese oxides tend to bind other compounds/metal ions to form
complexes23. Within anoxic AMD sediments, manganese and iron interact with various eacceptors, organic compounds, and sulfide to form reduced species including metal sulfides22-23.

Valkanas and Trun (2017) identified several seasonal changes to the biochemistry of the
Wingfield Pines passive remediation system (PRS)26. Ambient temperatures, precipitation,
amount of sunlight, and organic carbon (produced by photosynthesis), are all factors that vary
between seasons that impact the growth conditions for microbial communities8, 26, 42. Organic
carbon is a major limiting factor for microbial life in passive remediation systems26. The general
species diversity of Wingfield Pines PRS was found to be lower in the winter/fall and higher in
the summer/spring26 . This finding correlates with the decrease in temperatures, photosynthesis,
and, organic carbon associated with these seasons26. As species diversity changes, so too does
the overall composition of the microbial community. If the change is large enough, the efficiency
of the remediation system may correspondingly flucuate26. Valkanas and Trun identified less
efficient iron remediation (51%) in the fall as compared to the rest of the year (81%)26. The
decrease in remediation during the fall may be attributed to an increase in iron reducing bacteria
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in certain locations of the PRS during that time of year or an increase in available carbon from
the decay of vegetation26 . In addition to changing seasonal conditions, microbes within the
Wingfield Pines PRS are subject to seasonally varying iron concentrations in AMD effluent26.
The total iron concentration in Wingfield Pines AMD effluent more than doubles (compared to
those observed during other seasons) in the summer 26. The increased availability of iron species
and therefore, electron acceptors/donators, in the summer may be partially responsible for the
greater seasonal variations in microbial community composition observed at the beginning
(ponds 1-3) of the system as compared to the later ponds (4-5) and wetlands26. Unsurprisingly,
most bacteria within the Wingfield Pines PRS were found to be facultative anaerobes capable of
surviving in environments with varying metal levels due to their versatility in e- acceptor use8, 23,
.
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A 2019 study by Roth et al. had similar findings to Valkanas and Trun, 2017. Both studies
identified Proteobacteria as the most prominent phylum throughout the Wingfield Pines PRS,
followed by Bacteroidetes26, 43. Additionally, the overall diversity and composition of bacterial
species in both studies was found to vary between ponds26. Furthermore, Wingfield Pines PRS
was identified to contain phylum and genera known to contain genes for iron/sulfur
reduction/oxidation26, 43.

Wingfield Pines Passive Remediation System Dormancy and Repair
In November of 2017, an underground fracture in the AMD cavern under Wingfield Pines
Conservation Area led to an ~7570 liter/minute containment breach of the system, resulting in its
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drainage and dormancy for nearly 2 years as repairs ensued37 . During the system’s dormancy all
parts of the system naturally drained and remained dry except pond 4 and parts of the wetland.
The wetland did not retain the standing water it had while the system was functioning but
remained saturated in most places. As a consequence of the system’s dormancy, various grasses
and Typha appeared in ponds 1, 2, 3, and 5. Pond 4 did not display an appreciable gain in
vegetation during the system’s
*after repair22. In principle, most of the sediment in the early retention ponds of the Wingfield
Pines passive remediation system should be composed of oxidized iron (III) species due to the
system’s circumneutral pH and oxidative conditions22-23. During the system’s drought, any
sediments in contact with air would become oxidized with O2 as the electron receptor8, 22. This
phenomenon would have a small impact on sediments already exposed to oxidative conditions,
but a large effect on anoxic sediments. Therefore, its affect in the early retention ponds would be
expected to be minimal while its affect in anoxic wetland sediments would be more profound.
Oxidation of acid sulfate sediments is reversed once anoxic conditions are restored via flooding
and aquatic plant growth22. Therefore, when the system was reflooded following its repair,
anoxic sediment conditions were reestablished, causing iron and sulfur species to become
reduced and form insoluble sulfide species in equations 30 and 3122. The organic matter and
humic/fulvic substances present in wetland soils acts to minimize the generation of acidity
during redox and prevent the oxidation of H2S by forming complexes8, 22. The duration of the
drought plays a role in the oxidation of sediments not only by exposing sediments to air, but also
indirectly through the dying of vegetation during drought and its decomposition by
microorganism to humic/fulvic substances8, 22. In addition to seasonal variations in organic
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carbon, drought greatly changes the oxygen, water, and redox conditions for microbial growth,
further affecting metal cyciling8, 22-23, 26.

2𝐶𝐶𝐻𝐻2 𝑂𝑂 + 𝑆𝑆𝑂𝑂42− → 𝐻𝐻2 𝑆𝑆 + 2𝐻𝐻𝐻𝐻𝑂𝑂3−

(30)

𝐶𝐶𝐻𝐻2 𝑂𝑂 + 4𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 + 7𝐻𝐻+ → 4𝐹𝐹𝐹𝐹 2+ + 𝐻𝐻𝐻𝐻𝑂𝑂3− + 6𝐻𝐻2 𝑂𝑂

(31)

A 2018 study by Buxton modelled the flow pattern within Wingfield Pines PRS both without
vegetation and with vegetation as a function of fluid velocity and habitat preference using the
Boltzmann model30. During the 2-year dormancy of the Wingfield Pines PRS, the entire system
was free of water and sediments became dry with the exception of pond 4 and parts of the
wetland. Without water in the PRS, vegetation no longer grew as a function of flow rate and
contaminant level (within water), but rather opportunistically30. Therefore, the assumptions about
vegetation growth patterns over time in Buxton 2018 no longer hold true as a vegetation growth
was subject to dry conditions for approximately 2-years30 . Buxton’s Boltzmann model is still a
useful tool in understanding the general flow patterns in the Wingfield Pines PRS and
anticipating the effects of the system’s 2-year dry period. In order to serve as a reliable predictive
model for future flow patterns, the model must account for changes in the system’s vegetation
during repair. Buxton’s model of the Wingfield Pines PRS as it was designed without vegetation
shows that pond 1 has the most efficient, equally distributed flow pattern in terms of
remediation30 . The remaining retention ponds through the wetlands have a less efficient flow
pattern characterized by channelization and unequal flow (dead zones)30 . The inefficient flow in
ponds 2-5 and the wetlands is due to pond 1 having 2-influents, as well as a different shape, size,
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and, elevation30. Passive remediation systems like Wingfield Pines are gravity fed. As a result,
the beginning of the system has the highest elevation while the wetlands has the lowest and,
therefore, the fasted flow rate30 . In general, wetlands increase remediation efficiency by
increasing retention time of AMD contaminants, allowing them to fully oxidize/reduce30. In
order to do so, wetlands must have sufficient vegetation as to increase retention time and flow
dispersion while not causing channelization/stagnant flow/dead zones30 . The wetlands at
Wingfield Pines shows a high degree of channelization due to its vegetation pattern, shape, and
flow rate30. In the context of the Wingfield Pines PRS retention ponds and wetlands, vegetation
tends to cause increasingly narrow channelization as vegetation growth increases until the
vegetation reaches a certain density, at which point flow efficiency is increased due to dispersion
through the vegetation30. Unequally distributed vegetation, channels, turbulent flow, and,
irregularly shaped ponds may all contribute to inefficient flow patterns30 .

The repair of the system breach at Wingfield Pines was lengthy due to the extent and
inaccessible location (to heavy machinery) of the fracture. The repair of the PRS system at
Wingfield Pines required the use of 11,000 pounds of polyurethane foam sealant in order to slow
the flow of the breach by >99%37. After the flow was manageable and sufficiently slowed, 1360
yards3 of concrete were used to finish the repair of the AMD rupture37.

Biodegradation of Polyurethane
Polyurethanes were first created in 1937 and have been used globally in many commercial and
industrial products since the 1940s44-45. Polyurethanes have many applications in products such
as paints, adhesives, fabrics, and, foams due to the polymer’s durability and customizability45.
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Since they are composed of a polyol group and one or several polisocyanates, polyurethane
polymers can be manipulated as polyesters and polyethers with varying characteristics45-46. In
general, polyurethanes are highly inert, insoluble (in water and solvents), and, tolerant of large
pH and temperature variations46. Despite the polymer’s overall chemical stability, it is a welldocumented phenomenon that naturally occurring soil microbes may degrade polyurethanes44-45.
The bacterially mediated biodegradation of polyurethane polymers has been identified to be
catalyzed by various bacterial strains with several enzymes including protease, urease, and,
esterase44, 46. Polyester polyurethanes are particularly susceptible to bacterial biodegradation due
to their endo-type ester bonds which are more readily attacked by esterase enzymes than the exotype bonds of polyethers44-45, 47. The biodegradation of polyester polyurethane polymers via
hydrolysis of ester bonds has been the subject of several studies44-46, 48-51 . Polyurethanedegrading esterase enzymes are both membranes bound and excreted44. It is important to note
that polymer degradation is not a simple, one-step reaction, but a set of reactions catalyzed by
multiple enzymes46-47. First, membrane bound esterase enzymes allow bacteria to bind to
polyurethane’s surface and hydrolyze ester bonds44, 46. Excreted esterase enzymes then further
degrade polyurethane monomers in multiple steps until the molecules become bacterially
bioavailable44, 46. The best described polyurethane-degrading enzymes are 21kDa-55kDa esterase
and protease enzymes including: PudA, PueA, PueB, PulA, and a 55kDa urethane hydrolase44-46,
48-52.

Various bacterial strains with the ability to metabolize polyester polyurethanes are listed in

Table 245, 49-51, 53-56. In addition to hydrolysis of ester bonds, polyurethanes may be degraded
biologically at urethane bond sites, polyol segments, and via oxidation reactions, urease,
urethane hydrolase and, protease45-46, 51.
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Table 2. Summary of Bacterial Strains Capable of Polyurethane Metabolism
Bacterial Strain
Description
Reference
Acinetobacter
Utilized polyurethane paint as Halim El-Sayed et al.
calcoaceticus
sole carbon and energy
1996
source.
Acinetobacter gerneri
Degraded polyester
Howard et al. 1996 in
P7
polyurethane.
Cregut et al. 2013
Arthrobacter
Utilized polyurethane paint as Halim El-Sayed et al.
globiformis
sole carbon and energy
1996
source.
Arthrobacter sp.
Polyester polyurethane
SHAH, Aamer Ali et
degrading microbe found in
al. 2008
plastic waste soil.
Bacillus sp.
Polyester polyurethane
SHAH, Aamer Ali et
degrading microbe found in
al. 2008
plastic waste soil.
Bacillus subtilis
Degraded polyester
Rowe and Howard
polyurethane.
2002
Comamonas
Utilized polyester
Nakajima-kambe et
acidovorans TB-35
polyurethane as sole carbon
al. 1995
and energy source. Isolated
esterase gene pudA.
Corynebacterium sp.
Degraded polyester
Kay et al. 1991;
polyurethane in presence of
SHAH, Aamer Ali et
basal media.
al. 2008
Delftia acidovorans TB- Degraded polyester
Nakajima-kambe et
35
polyurethane.
al. 1995
Enterobacter aeruginosa Degraded polyester
Kay et al. 1991
polyurethane.
Micrococcus sp.
Polyester polyurethane
SHAH, Aamer Ali et
degrading microbe found in
al. 2008
plastic waste soil.
Pseudomonas
Degraded polyester
Kay et al. 1991
aeruginosa
polyurethane in presence of
basal media.
Pseudomonas cepacia
Grew on polyurethane paint
Halim El-Sayed et al.
but not as sole carbon and
1996
energy source.
Pseudomonas
Degraded polyester
Howard et al. 2001
chlororaphis
polyurethane.
Pseudomonas florescens Degraded polyester
Vega et al. 1999
polyurethane.
Pseudomonas putida
Utilized polyurethane paint as Halim El-Sayed et al.
sole carbon and energy
1996
source.
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Pseudomonas sp.

Rhodococcus equi TB60
Serratia rubidaea
Staphylococcus
epidermidis

Utilized polyurethane paint as
sole carbon and energy
source; polyester
polyurethane degrading
microbe found in plastic
waste soil.
Degraded polyether
polyurethane.
Degraded polyester
polyurethane.
Degraded polyether
polyurethane

Halim El-Sayed et al.
1996; SHAH, Aamer
Ali et al. 2008

Akutsu-Shigeno et al.
2006
Kay et al. 1991
Jansen et al. 1991

The polyurethane foam used in the repair of the Wingfield Pines Passive remediation system was
SUPRASEC® 9631 (HyperFlex), a polyether polyurethane manufactured by the Huntsman
Corporation57 . SUPRASEC® 9631 is mainly (30-50% w/w) composed of the ether polyol
poly[oxy(methyl-1,2-ethanediyl)], alpha-hydro-omega-hydroxy-, polymer with 1,1'methylenebis[isocyanatobenzene]46, 57. SUPRASEC® 9631 contains the polyisocyanates: 4,4'methylenediphenyl diisocyanate (20-30% w/w), 2,4'-methylenediphenyl diisocyanate (10-20%
w/w), and Diphenylmethanediisocyanate (5-10% w/w) which react with the hydroxyl group of
the ether polyol to form the basis of urethane bonds within the polymer46, 57 . Polyester
polyurethanes are created by using a ester polyol instead of an ether polyol46 . Due to their
structure, polyester polyurethanes are susceptible to biodegradation via bacterially mediated
hydrolysis of ester bonds45 .

Though polyether polyurethanes are less susceptible to bacterially mediated degradation, several
findings merit further exploration of the subject. Rhodococcus equi TB-60 and Staphylococcus
epidermidis have been shown to metabolize polyether polyurethanes51, 56. Additionally, several
fungal strains capable of polyether degradation have been identified56, 58.
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The urease enzyme may also degrade polyurethanes, particularly polyethers54, 59. Urease is
significant in the context of polyurethane in contact with AMD because previous studies have
shown that AMD contaminated soils display increased urease activity (as compared to a
control)46, 59. In this context, it is important to understand that polyurethane does not directly
select for increased polyurethane degradation gene expression46. Instead, the AMD conditions
select for features such as increased urease activity which are useful in the situational utilization
of polyurethane as an energy source46, 59.

Polyether polyurethanes contain additional structural components that may make them
susceptible to microbial degradation8. SUPRASEC® 9631 in particular contains 2 amide groups
and benzene rings which may be subject to microbial attack8, 57 . Similar to ester hydrolysis by
esterase, amidase enzymes are known to degrade amide bonds8 .The benzene rings of
SUPRASEC® may undergo microbially mediated oxidation via epoxidation to allow cleavage of
the polymer structure8. Additionally, alkene bonds may be reduced via reductase enzyme8. These
carbon-carbon bonds within polyurethanes may be used by certain microorganisms as a carbon
source or a growth surface53-55 .

METHODS
Site Description for System Recovery Study

2

The ~20-acre Wingfield Pines Passive Remediation
System (PRS) and subsequent wetlands were
WI
the site for the system recovery study (Figure 2). The influent of each pond of the PRS as well as
the influent and effluent of the wetlands were the 7 experimental samples collected 9 times
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between 29 September 2019 and 29 September 2020. The system’s confluence with Chartiers
Creek acted as the accompanying control sample for the system recovery study.

Site Description for Polyurethane Enrichment Study
Five sample locations in and around the Wingfield Pines PRS, Chartiers Creek, and surrounding
area were chosen for the polyurethane enrichment study. The influent of pond 1, the system’s
confluence with a small pond immediately after the wetlands effluent, and the system’s
confluence with Chartiers Creek were experimental samples (Figure 2). A separate, untreated
AMD pond across Chartiers Creek from the Wingfield Pines PRS and a location along Chartiers
Creek upstream from AMD contamination acted as control samples (Figure 2). Samples were
collected on 8 July 2020.

Field Sampling for Polyurethane Enrichment Study
Grab samples were obtained from 5 locations in and around the Wingfield Pines PRS and
surrounding area. Samples were collected by mixing three 1L portions of soil-water slurry
grabbed approximately 2m apart into 3L bottles. Samples were immediately transported to the
lab at ambient temperature, then aliquoted directly into sterile broth for enrichment. The
remaining slurry portion was centrifuged at full speed for ~20min to obtain pellets for Powersoil
DNA extraction. Pellets were stored at -20 ºC until DNA extraction.

Field Sampling for System Recovery Study
Water and soil-water slurry samples were collected from the influent of each pond as well as the
wetland influent and effluent (WI and WE) and system’s confluence with Chartiers Creek. Water
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samples for manganese, sulfate and sulfide assays were collected in 50mL sterile tubes. Iron
samples were collected in 25mL tubes which contained 250uL nitric acid for field preservation.
Samples were stored in a cooler and moved to a 4ºC refrigerator immediately upon returning to
lab. Water samples (except for a portion used in the sulfide assay) were filtered with a 0.2um
filter the day of collection. Photometric assays were performed on all water samples within 5
days of initial collection. Soil-slurry samples were aliquoted into 25mL test tubes and
centrifuged at full speed for ~20 minutes. The liquid portion of the centrifuged slurry was
discarded until >0.25g of soil was yielded from each slurry. Soil pellets were stored at -4ºC.

Metal Assays
Total dissolved iron (Fe) 60, ferric/ferrous iron (Fe(III)/Fe(II)) 60, manganese (Mn) 61 and sulfate
(SO4)62 were measured using photometric assays read on a spectrophotometer.

Powersoil DNA Extraction and Sequencing
The Powersoil DNA Extraction Kit (Qiagen) was used to isolate DNA from soil pellets. After
measuring DNA purity on a nanodrop spectrophotometer, samples were stored at -20ºC.
Bacterial 16s rrna gene DNA from the V4 region was amplified via Illumina tag (itag) PCR with
the forward and reverse primers 515F and Illumina 806R barcoded primer, respectively
(16S Illumina Amplicon Protocol, www.earthmicrobiome.org). Samples were labelled with a
DNA barcode sent to Wright Labs (Huntingdon, PA) for sequencing.
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Statistical Analysis of Metagenome Data
The study consisted of 6 sample dates at 8 locations within the Wingfield Pines system, for a
total for 48 samples. Dada2 (version 1.16) was used to filter and prepare raw sequence data for
analysis in RStudio version1.3.109363. Based on quality profiles, the primers (first 20bp) as well
as the last 50bp were removed from the forward and reverse sequences before pairing. After
pairing, samples had an average sequence depth of ~32,000. All samples had > 7,900 sequences.
The error rates of 100,837,750 total bases in 403,351 reads from 8 samples for the forward reads
and 101,448,600 total bases in 461,130 reads from 10 samples for the reverse reads were
determined with a parametric model. Based on the determined error rate, the samples were
dereplicated, filtered, and trimmed before being paired. An amplicon sequence variant (ASV)
table with 42,653 unique ASVs was constructed. After chimeras were removed from the
denoised samples, 86.88% of sequences remained. RStudio was used to visually analyze
microbial community composition64 . The Silva Database (version 138) was used to assign
taxonomy65-66.

Polyurethane Enrichment
Polyurethane foam was retrieved from SubTechnical, Inc (Mars, PA). The foam was cut into
~1cm3 squares and autoclave sterilized in 25mL Erlenmeyer flasks. Sterile broth was aliquoted
onto the sterilized polyurethane for enrichment cultures.
The remaining portion of the slurry sample was mixed to serve as the inoculate for subsequent
enrichment cultures.
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A total of 7 enrichments were performed on the soil slurry samples. Cultures were enriched at
37ºC on a roller drum in Davis minimal broth with 1X vitamins67 , 1X minerals67 and 2%
polyurethane (SubTechnical) carbon source. Each enrichment was incubated for 1 week before
transferring 100uL to the subsequent enrichment. At the end of each enrichment, a glycerol stock
was prepared by adding 400uL of the enrichment to 600uL 20% glycerol. Glycerol stocks were
stored at -80ºC. The remaining portion of the cultures were centrifuged for 20 minutes and stored
at -20ºC until use for Powersoil DNA extraction. The final enrichment culture was plated on
nutrient agar for viable cell counts and purifications. Six well isolated, purified colonies were
named and catalogued from each enrichment culture for use in subsequent growth curve
determination experiments.

Growth Curve (OD600)
Purified colonies were moved from 37ºC nutrient agar plates to 5mL Davis Minimal broth with
1X vitamins, 1X minerals, and 2% polyurethane (SubTechnical). Plates which were too mucoid
to purify at 37ºC were moved to room temp for repurification. All colonies were purified at least
3 times, with additional purifications added as needed. Liquid cultures were grown on a drum
roller at room temp for ~ 48hr (until visibly turbid). The 5mL cultures were then transferred
1:200 or 1:100 to 30mL of sterile Davis Minimal with 1X vitamins, 1X minerals, and 2%
polyurethane. Controls were prepared for each colony in the same media with 10mM lactate as
the carbon source instead of polyurethane. A growth curve was generated for each purified
colony with a spectrophotometer by measuring a starting OD600 and subsequent OD600s every
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several hours until the death phase of the growth curve was observed and/or less than 20mL of
the media remained.

Microscopy and Gram-Staining
Purified colonies GS1-5, GS7, GS10, AND GS13-15 were Gram stained and viewed under 100x
oil immersion.

RESULTS
Winfield Pines PRS Recovery
Wingfield Pines is a ~20-acre, gravity fed passive remediation system (PRS) located along
Chartiers Creek in Bridgeville, Pa (Allegheny County). The system consists of a large pond
which receives AMD via an underground, gravity fed fountain pipe and 4 consecutive ponds
arranged in a circle (Figure 2). Pond 5 of the system feeds into a wetland which meets a small,
separate holding pond before confluence with Chartiers Creek. (Fig. 2). The system was
constructed in 2009 and functioned through 2017 until a massive fracture breached the
underground abandoned mine cavern, causing AMD to be diverted from pond 1 of the system
directly into Chartiers Creek (Fig. 2). The mine breach on November 6, 2017 drained the
Wingfield Pines system of standing water in ponds 1, 2, 3, 5 and most of the wetlands (Fig. 2).
AMD was diverted from the fountain pipe in pond 1 to the small holding pond posterior to the
wetlands effluent (WE) (Fig. 2). There, AMD flows through a small channel before flowing into
Chartiers Creek (Fig. 2).
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Before the breach, water flowing through the gravity-fed system prevented the largescale spread
of vegetation throughout the ponds68. Tall wetland grasses and cattails in the genus Typha grew
only in scattered clusters around the edges of the system’s ponds pre-November 201768. The
breach quickly diverted water from the Wingfield Pines system which remained largely dry until
September 2019. During this ~2-year dormancy of the system, the saturated AMD sludge which
accumulated at the bottom of the ponds from the previous 10 years of passive remediation
became dried to a thick sludge consistency. The dry, soil-like sludge in ponds 1, 2, 3, and 5 of
the system provided a growth medium for various unidentified grasses, Typha (cattails), and
other wetland plants68 . Many of the grasses which appeared in the pond beds during this time
were non-aquatic plants that opportunistically spread from the surrounding land68 . During the
system’s dormancy, pond 4 remained continually filled with a level of water comparable to preNovember 2017. Pond 4 remained devoid of emergent wetlands plants during and after the
systems’ repair into 202068.

The wetland portion of the system did not receive influent from ponds 1-5 between November
2017 and September 2019. Despite a lack of standing water during the period, the wetlands
retained saturated soils. Before the system’s dormancy, the wetlands were composed primarily of
Sparganium americanum (bur reed) as well as scattered clusters of various wetlands plants68.
Scattered clusters of tall grasses (>1m in height) and Typha (cattails), concentrated most heavily
near the influent, appeared in the wetlands during the ~2-year dormancy68. After the system’s
repair and into 2020, the wetlands remained primarily composed of Sparganium americanum
(bur reed)68.
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When the system was filled in September 2019, evidence of vegetative decay was observed as
various non-wetland plants which had grown opportunistically in the dry pond beds became
suddenly submerged by AMD in ponds 1, 2, 3, and 568. Iron floc was observed on the surface of
submerged and emergent plants at the influent of each pond after the system’s repair68 . Emergent
wetland plants in these ponds remained for months after the system’s repair and into 2020 while
plants which were growing opportunistically in the dry pond beds largely died off68.

One year after the system’s initial fill (29-September-2020), the growth pattern of plants
throughout the system was observed. Pond 1 retained wetland grasses and several small clusters
of Typha concentrated near the fountain pipe which feeds the system68. Additionally, dense
clusters of emergent grasses, concentrated at the effluent, were scatted throughout pond 168. Pond
2 retained scattered clusters of grasses and several isolated patches of Typha near the edge of the
pond68. The metal trough which connects each consecutive pond was completely overgrown with
tall grasses in pond 268. Emergent grasses in pond 1 were concentrated most heavily near the
influent. The remaining portion of pond 2 contained sparsely scattered clusters of grass. Pond 3
was more heavily vegetated than pond 2 and contained a mix of wetland grasses and clusters of
Typha68. Despite having more dense plant growth than pond 2, the trough which feeds pond 3
was not completely grown in. Compared to previous ponds, pond 4 was virtually devoid of
emergent plants. The metal trough feeding pond 4 was the least obstructed by plant growth.
While emergent grasses and Typha were observed around the edge and influent of pond 4, no
emergent plants were growing in the center of the pond68. Additionally, clusters of grasses at the
influent of pond 4 were much less dense than observed in other ponds. Pond 5 became the most
densely vegetated pond of the system with dense clusters of Typha filling most of its area68.
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Emergent grasses were observed at the influent of pond 5, covering most of the metal trough.
Except for a small patch at the center of the pond, pond 5 remained filled with Typha68. The
influent of the wetland became densely vegetated with emergent grasses which showed evidence
of flow channelization in their growth pattern. Similarly, channelization was observed through
dense wetland plants at the wetland’s effluent68 .

Metal Trends
In order to determine the effect of extended dormancy and repair on passive remediation
systems, dissolved iron (Fe), manganese (Mn), and sulfate levels were recorded throughout the
Wingfield Pines PRS prior to its repair and into the next year. We hypothesized that there would
be several effects, both acute and chronic. During the system’s reinstalment, an immediate influx
of AMD meeting oxidized metal species in the pond beds would likely create an initial spike in
dissolved metal concentrations throughout the system without remediation of contaminants.
After some calibration period, the system should reach a near functioning level where a
discernable remediation pattern may be observed. Chronic effects of the system’s dormancy such
as loss of PRS-selected microbial communities were hypothesized to last several months or
years. The acute symptoms of the PRS’s reinstalment were characterized by sampling water
chemistry parameters at the influent of each pond of the system as well as the wetlands’ effluent
and the system’s confluence with Chartiers Creek. Concurrently, chronic effects of PRS
dormancy and repair were supplemented by metagenomic data which was collected from slurry
samples at the same locations. We hypothesize that the chronic effects may be hard to detect and
require future data to serve as a comparison to the baseline this study provides.
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To determine the acute effects of the system’s repair contaminants were analyzed on the day of
the system’s reinstalment and throughout the following year. Comparing consecutive sample
dates with a focus on the first 42 days after the system’s repair identified several trends (Figure
3). The day of the system’s repair (29-September-2019) was characterized by abnormalities in
Fe, Mn, and sulfate throughout the system (Fig. 3). Increases in total dissolved iron from the
respective previous ponds were observed at ponds 2 and 4 (Fig. 3A). These increases account for
the maximum total dissolved iron concentrations recorded at each pond during the duration of
the study. In addition, the increase in total dissolved iron from pond 3 to 4 was the largest
observed percentage increase (80.14%) between consecutive ponds throughout the study
(compared to an average observed increase of 32.32%).

After 11 days, the system had already displayed a discernable remediation pattern for total
dissolved iron where concentrations steadily decrease between consecutive ponds (Fig. 3A). The
increase in total dissolved iron at the Chartiers Creek sample site on 10-October-2019 follows
the system’s refill and irregularities seen in ponds 2 and 4 the previous week (Fig. 3A). The total
dissolved iron concentration at the Chartiers Creek sample site on 10-October-2019 was the
highest observed value at that location throughout the course of the study. The total dissolved
iron level at Chartiers Creek decreased markedly after 27 days and reached a baseline-level after
42 days post repair (Fig. 3A). Total iron remediation reached a maximum value of 99.64% by 27
days post repair. Throughout the course of the study, total dissolved iron was remediated by an
average of 97.03% from pond 1 to WE with values ranging from 93.04-99.64%.
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Dissolved Mn also displayed irregular patterns throughout the Wingfield Pines PRS on 29September-2019 (Fig. 3B). The highest observed Mn concentration in pond 3 and Chartiers
Creek were recorded on 29-September-2019 (Fig. 3B). In addition, the increase in Mn from pond
2 to 3 was the largest throughout the duration of the study (40.79% compared to an average of
22.80%). Mn reached a baseline level at the Chartiers Creek site by 11 days post repair; only
exceeding a concentration of 0.20ppm 2 times over the remaining 355 days post repair (Fig. 3B).
Mn remediation from pond 1 to WE was more variable than total dissolved iron with a range of
55.95-86.67% (average = 69.58%).

Unlike Mn and Fe, sulfate was not remediated in the Wingfield Pines PRS. Though a slight
decrease in sulfate was observed from pond 1 to WE (average decrease of 7.93%), 4 of the 9
sample dates saw increased in sulfate from pond 1 to WE. Irregularities in sulfate were observed
on 29-September-2019 (Fig. 3C). Though ponds 2, 3, 4, and 5 experienced their maximum
observed sulfate concentrations during the course of the study on 29-September-2019, WE and
C.C. concurrently experienced their lowest (Fig. 3C). Sulfate concentrations at WE and C.C.
increased until 27 days post repair before leveling off around 42 days post-repair (Fig. 3C).
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Figure 3. Contaminant Levels in Wingfield Pines PRS from 0 to 366 Days Post-Repair.
Contaminant levels for A. Total Dissolved Iron, B. Manganese, and C. Sulfate on 9 sample days
are color-coded by pond (1, blue; 2, orange; 3, gray; 4, yellow; 5, light blue; wetlands influent
(WI), green; wetlands effluent (WE), indigo; CC, red). Sample days are on the x-axis and
contaminant concentration, y-axis. Note that graphs A, B, and C have different scales on the yaxis.

The effectiveness of the wetlands as an element of the system was determined by observing
contaminant and water chemistry parameters between WI and WE throughout the duration of the
study. We hypothesized that the wetlands were a positive addition to the system and act to
remediate contaminants. Several trends were identified throughout the wetlands. Overall, the
wetlands acted to remediate Fe and Mn. Total dissolved Fe was remediated by an average of
67.84% from WI to WE throughout the duration of the study, with one observed increase of
22.41% on 10-October-2019 (Fig. 3A). Manganese was remediated by 29.49% from WI to WE
with two observed increases of 7.27 and 32.33% on 10-October-2019 and 10-November-2019,
respectively (Fig. 3B). Manganese remediation from WI to WE, as well as pond 1 to WE,
increased during the winter season. Concurrently, iron remediation from WI to WE as well as
pond 1 to WE, decreased during the winter season. Though sulfate slightly reduced in
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concentration from WI to WE by an average of 7.93%, remediation was variable (Fig. 3C). On 4
of the 9 sample dates, sulfate saw small increases (<20%) in concentration from WI to WE.

Pollution Partitioning Zones
In order to characterize the remediation in the system, Fe and Mn and sulfate’s distribution
throughout the course of the study was analyzed. It was hypothesized that distinct zones would
form within the system where contaminant concentrations exist within a range of values which
do not vary significantly. These zones were hypothesized to inherently select for microbially
communities based on these varying contaminant and water quality parameters. Before
organizing contaminants into zones called pollution partitioning graphs, the general movement of
contaminants throughout the system was analyzed.

Total dissolved iron tended to enter the system with the highest average concentration in pond 1
and exit with the lowest average at the wetland’s effluent (WE) (Fig. 3A). On average, total
dissolved iron decreased by 34.73% between consecutive ponds throughout the system during
the study period. Eight instances of increases in iron concentrations between consecutive ponds
were observed: five during fall, and three, winter. During the study, total dissolved iron
decreased by an average of 97.03% from pond 1 to WE. The lowest remediation of total iron
from pond 1 to WE was 93.04% on 29-September-2020 while the greatest was 99.64% on 26October-2019. Fe(III) followed the same trends as total dissolved iron, accounting for an average
of 96.28% of the iron species (Fig. 4A) . Fe(II), accounting for an average of 15.70% of iron
species, showed different trends than Fe(III) (Fig. 4A-B). While Fe(III) was observed throughout
the system and Chartiers Creek on almost every sample date, Fe(II) was largely in ponds 1 and 2

43

with only several instances of measurable Fe(II) in pond 3 and beyond (Fig. 4B). On average
Fe(II) decreased by 47.01% between ponds 1-3. During the course of the study, Fe(II) was only
observed past pond 3 on four instances (Fig. 4B).

Manganese (Mn) tended to enter the system with the highest average concentration in pond 1 and
exit with the lowest average at WE (Fig. 4B). On average, Mn decreased by 15.14% between
consecutive ponds throughout the system during the study period. On average, Mn increased by
+2.01% and +7.71% between ponds 4-5 and 5-WE, respectively. Eight of the thirteen observed
Mn increases between consecutive ponds occurred between ponds 4 through WE. During the
study, Mn decreased by an average of 69.58% from pond 1 to WE. The lowest remediation of
Mn from pond 1 to WE was 55.95% on 26-October-2019 while the greatest was 86.67% on 31Janurary-2020 (Fig. 3B).

Sulfate tended to enter the system with an average concentration of 599.74ppm in pond 1 and
exit at 550.77ppm at WE over all sample dates (Fig. 3C). The highest observed sulfate
concentration during the study was in pond 3 on 29-Septemebr-2019 (Fig. 3C). On average,
sulfate decreased by 7.93% from pond 1 to WE during the course of the study. Between any
given consecutive ponds over all sample dates, sulfate increased more times than decreased in
concentration.
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Figure 4. Iron Species in Wingfield Pines PRS 0 to 366 Days Post Repair. PPM
Concentrations of A. Fe(III) and B. Fe(II) on 9 sample days are color-coded by pond (1,
blue; 2, orange; 3, gray; 4, yellow; 5, light blue; WI, green; WE, indigo; CC, red). Sample
days are on x-axis and contaminant concentration in PPM, y-axis. Note that graphs A and B
do not have the same scale on the y-axis. The red-dotted line in graph A denotes the
maximum Fe(II) level as compared to the corresponding dotted line on graph B.

Total dissolved iron data was compiled from 9 sample dates (taken in triplicate; n=27) between
29-September-2019 and 29-September-2020 in order to perform one-way ANOVAs (α = 0.05)
between consecutive sample locations. The results identify general locations within the system
where significant reductions in total iron concentration occurred.

Iron varied significantly between pond 2 and 3 influents (p=0.013) as well as between WI and
WE (p=0.012) during the course of the study. The results identify general locations within the
system where significant reductions in Fe concentration occurred. Fe did not vary significantly
between pond 1 and pond 2 influents but did between pond 2 and 3 influents (p=0.013). Ponds 1
and 2 were grouped into Zone 1. Fe did not vary significantly between consecutive ponds 3-WI.
Therefore, ponds 3 through WI were denoted zone 2. Fe varied significantly between WI and
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WE (p=0.012), denoting WE as Zone 3. Fe Zones 2 and 3 were connected with a dashed line in
Fig 5 due to the long distance between sample points WI and WE.

Figure. 5 depicts the generalized partitioning of total dissolved iron concentrations throughout
the Wingfield Pines passives remediation system. Fig. 5 shows 2 locations where significant
reductions in iron occurred over the course of the study and 3 generalized zones of
contamination. The locations where significant reductions in total iron occurred, listed in order
of descending significance, are between WI and WE and between pond 2 and 3 influent. The
continuum of color shades in Fig. 5 represents the varying levels of iron contamination with
darker shades of red denoting higher iron concentrations and orange, yellow progressively lower
concentrations. Zone 2 and Zone 3 are connected by dotted lines because of the wetlands’ larger
more continuous expanse than the equally portioned ponds of the preceding system.

One-way, single variable ANOVA tests (α = 0.05) were performed between consecutive sample
locations for all sample dates between 29-September-2019 and 29-Septemeber-2020 for
manganese, total dissolved iron, and sulfate. The ponds were then split into general ‘zones’
which describe the movement and remediation of contaminants through the Wingfield Pines
PRS. Zones do not fully describe the concentration of contaminants along their courses of
remediation in the system, but act to identify areas between which significant reduction in
contaminants occur.

Dissolved manganese data was compiled from 9 sample dates (taken in triplicate; n=27) between
29-September-2019 and 29-September-2020 in order to perform one-way ANOVAs (α = 0.05)
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between consecutive sample locations. The results identify general locations within the system
where significant reductions in manganese concentration occurred. Manganese did not vary
significantly between pond 1 and pond 2 influents nor pond 2 and 3 influents but did vary
significantly between pond 1 and 4 influents (p=0.001). Since Mn did not vary between pond 1
and 3 influent, ponds 1-3 were grouped into Zone 1. Manganese did not vary significantly
between consecutive ponds 4-WE nor from pond 4 influent to WE. Therefore, ponds 4 through
the wetland’s effluent were denoted zone 2. No significant reductions in Mn were identified
between consecutive pond influents beyond pond 4.

Figure 6 depicts the generalized partitioning of manganese concentrations throughout the
Wingfield Pines passives remediation system. Fig. 6 shows 1 location where a significant
reduction in manganese occurred over the course of the study and 2 generalized zones of
contamination. The continuum of color shades in Fig. 6 represents the varying levels of
manganese contamination with darker shades of blue denoting higher manganese concentrations.

Sulfate data was compiled from 9 sample dates (taken in triplicate; n=27) between 29September-2019 and 29-September-2020 in order to one-way ANOVAs (α = 0.05) between
consecutive sample locations. The results identify that sulfate did not vary between consecutive
ponds nor from pond 1 influent to the wetlands influent. Therefore, sulfate’s concentration was
not divided into continuous zones within the system and rather had a relatively constant
concentration from system influent to effluent.

47

Figure 5. Partitioning of Dissolved Iron in Wingfield Pines Passive Remediation
System. Sample locations are denoted with white location markers. Sample locations which
did not vary sigbnificantly in dissolved iron were grouped into zones by color. Iron
partitioning was described by three zones: Zone 1, red; Zone 2, oragne; and Zone 3, yellow.
White arrows connect sample locations between which signifcant (one-way ANOVA,
single variable a = 0.05) reductions in dissolved iron occurred. P-values are adjacent to the
corresponding white arrow. Significant reductions in iron occurred in 2 locations within the
system: between pond 2 influent and pond 3 influent (p=0.013) and betweeen the wetlands
influent and effluent (p=0.012). Image accessed from Google Earth, 8-April-2021.
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Figure 6. Partitioning of Manganese in Wingfield Pines Passive Remediation System.
Sample locations are denoted with white location markers. Sample locations which did not
vary sigbnificantly in manganese were grouped into zones by color. Managanese
partitioning was described by two zones: Zone 1, indigo and Zone 2, light blue. White
arrows connect sample locations between which signifcant (one-way ANOVA, single
variable a = 0.05) reductions in manganese occurred. P-values are adjacent to the
corresponding white arrow. Significant reductions in manganese occurred between pond 1
and 4 influents (p=0.001), but not between pond 4 influent and the wetlands effluent. Image
accessed from Google Earth, 8-April-2021.
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Date

29Sept2019

10Oct2019

29Oct2019

10Nov2019

Sample
Location
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent
Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent
Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent
Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent

Field
Temp
(°C)
14.70
19.20
18.70
21.60
19.50

Table 3. YSI Data
Turbidimetric
DO
DO
Pressure
(mg/
(mmHg)
(%)
L)
770.40
44.30 4.49
770.50
37.10 3.40
770.60
4.00
0.37
770.70
1.80
0.15
770.70
22.00 2.00

SPC
(µS/cm)
2903.00
2725.00
2934.00
2591.00
2941.00

Field
pH
6.05
6.61
6.99
7.37
7.15

Lab
pH
6.20
6.27
6.62
6.61
6.56

18.30

770.80

15.00

1.40

2825.00

6.56

6.55

16.50

770.80

50.00

4.91

1855.00

6.97

6.44

17.90
13.40
12.80
13.90
14.40
13.30

770.10
769.80
769.80
769.90
770.00
770.00

62.50
50.20
51.80
52.70
64.20
45.50

5.91
5.38
5.41
5.40
6.47
4.70

1792.00
3010.00
3039.00
3049.00
3008.00
2964.00

7.04
6.12
6.11
6.26
6.49
6.52

6.51
6.53
6.53
6.62
6.63
6.63

14.80

770.20

47.40

4.74

2965.00

6.45

6.62

12.30

770.30

64.00

6.80

2830.00

6.88

6.64

12.20
13.30
12.90
12.50
12.40
12.10

770.50
766.80
766.90
766.80
767.20
767.30

84.20
7.90
43.00
47.90
19.50
71.70

8.95
0.84
4.50
5.05
2.05
7.62

2420.00
2859.00
2849.00
2845.00
2829.00
2823.00

7.01
5.98
6.16
6.22
6.40
6.53

6.65
6.01
5.98
6.26
6.45
6.42

12.40

767.40

46.50

4.94

2835.00

6.41

6.37

11.90

767.50

62.50

6.69

2528.00

6.74

6.56

11.70
12.80
12.30
11.10
9.70
9.50

767.80
764.90
764.90
765.00
765.00
765.00

83.10
29.40
72.70
73.40
91.40
98.90

8.93
3.06
7.68
8.00
10.33
11.20

2342.00
2352.00
3099.00
3068.00
1721.00
3086.00

6.88
7.32
7.47
7.52
7.65
7.63

6.70
6.37
6.65
6.59
6.77
6.74

9.60

765.10

79.80

8.97

3097.00

7.63

6.73
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21Nov2019

7Dec2019

31Jan2020

16Feb2020

Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent
Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent
Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent
Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent

7.80

765.20

87.60

10.40

2920.00

7.62

6.68

7.30
11.70
9.80
8.20
7.40
5.20

765.50
768.80
769.00
769.00
769.20
769.30

99.70
21.60
52.10
55.40
17.00
47.30

11.87
2.33
5.84
6.42
2.00
5.94

1721.00
1974.00
2901.00
2912.00
2839.00
2810.00

7.98
6.32
6.59
6.72
6.79
6.87

6.81
6.04
6.28
6.47
6.30
6.13

6.80

769.30

38.50

4.64

2903.00

6.77

6.31

4.60

769.40

61.70

7.93

2753.00

6.92

6.29

4.80
12.00
10.20
7.80
6.40
4.50

769.60
775.50
775.70
775.40
775.50
775.60

76.10
24.00
67.60
75.40
48.80
63.30

9.68
2.57
7.50
8.88
5.92
8.07

2312.00
2895.00
3086.00
3026.00
1969.00
1876.00

7.02
7.17
7.58
7.42
7.39
7.36

6.40
6.66
6.65
6.68
6.63
6.62

6.10

775.90

87.90

10.48

1967.00

7.31

6.67

4.30

775.80

67.30

8.61

2800.00

7.25

6.65

3.50
12.60

776.10
770.30

12.05
10.16

2431.00
2534.00

7.59
6.48

6.60
5.27

11.00
9.80
8.60
7.10

770.30
770.50
770.70
770.70

91.60
97.30
103.9
0
67.30
44.10
75.00

11.38
7.58
5.09
8.99

2526.00
2467.00
2493.00
2547.00

6.50
6.64
6.76
6.88

5.45
5.60
5.83
5.87

7.20

770.90

65.30

7.80

2534.00

6.81

5.90

5.20

771.20

94.20

11.92

2452.00

7.07

6.00

5.00
11.50
10.80
9.40
8.20
6.60

771.30
767.60
767.80
767.80
767.90
768.00

95.60
53.10
77.40
67.40
23.00
99.80

12.00
5.74
8.49
7.65
2.63
12.06

2286.00
2772.00
2933.00
2908.00
2862.00
2929.00

7.13
6.89
6.95
7.14
7.25
7.49

6.01
5.52
5.84
6.04
6.19
6.22

7.10

767.90

75.80

9.05

2913.00

7.37

6.37
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29Sept2020

Wetland
Effluent
Chartiers
Creek
Pond 1
Pond 2
Pond 3
Pond 4
Pond 5
Wetland
Influent
Wetland
Effluent
Chartiers
Creek

5.50

768.00

11.24

2853.00

7.52

6.36

768.20
760.80
760.80
761.10
761.10
761.30

89.90
101.0
0
3.50
32.50
34.50
41.80
48.80

5.20
13.70
13.80
14.40
14.80
15.40

12.68
0.36
3.35
3.50
4.20
4.85

2575.00
2340.00
2270.00
2149.00
2303.00
2307.00

7.64
7.31
6.94
6.24
6.68
6.79

6.37
6.82
6.75
6.63
6.66
6.67

15.60

761.20

40.50

4.01

2314.00

6.86

6.66

16.40

761.10

27.90

2.71

2296.00

7.10

6.84

16.80

761.20

48.40

4.67

2187.00

7.26

6.94

System Recovery Metagenomic Data
In order to determine the effects of the Wingfield Pines PRS repair and recovery on microbial
community composition, soil slurry samples from six sample dates (18-June-2019, 12-Sept2019, 26-October-2019, 21-November-2019, 7-December-2019, and 31-Janurary-2020) were
chosen for 16s rRNA gene sequencing. Slurry samples were collected at the influent of each
pond (1-5) as well as the wetlands influent and effluent and the system’s confluence with
Chartiers Creek. The samples chosen for sequencing represent the system just before its repair
(18-June-2019 and 12-Sept-2019), its initial fill in fall 2019 (26-October-2019 and 21November-2019) and its operation through winter 2020 (7-December-2019 and 31-Janurary2020).
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Figure 7. Relative Abundance of Top 200 Most Prevalent Orders throughout System Recovery Study by
Sample Location. Sample Locations within the ponds, wetlands, and Chartiers Creek are labelled A.P1-5,
A.WI and B.WE, and CC, on the x-axis respectively. The relative abundance (y-axis) of the top 200 most
prevalent orders from the duration of the study were plotted over time to show the system’s progression from
disrepair (Dry; 18-June-2019 and 12-Sept-2019) to its initial fill in fall 2019 (FillFall; 26-Oct-2019 10-Nov2019) and into winter 2019-20 (FillWinter; 7-Dec-2019 and 31-Jan-2020). Stacked bar graphs represent
abundance values for the same OTU at a given sample location with the total bar heigh representing the sum of
all reads at that location.

An overview of the top 200 most prevalent orders in all samples collected throughout the study is
provided in Figure 7. Note that Fig 7 contains all sequences at the Order level, including
unidentified orders (denoted NA) and Chloroplast (not bacterial). Samples were analyzed at the
order level because a majority of the prevalent bacteria are novel genera. An overview of the top
200 most prevalent bacterial orders excluding those unidentifiable at the order level and
Chloroplast was also prepared due to Chloroplast’s dominance throughout the study (Fig 8). The
dry sample dates (18-June and 12-Sept) show an overall lower abundance and diversity of
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prevalent bacterial orders than in the samples from the system’s fill in fall 2019 and into winter
2020 (Figure 8). The most abundant samples from the dry time points were pond 1 and 2 on 18June and WI on 12-Sept (Figure 8). The beginning and end portions of the systems showed
several trends in the abundance of prevalent bacterial orders. Ponds 1-3 and the wetland influent
experienced an initial decrease in abundance and diversity after the system’s fill in Fall (Figure
7). Conversely, Pond 5 and the wetland effluent experienced sustained increased in bacterial
abundance and diversity after the system’s fill in Fall 2019 and into Winter 2019-20 (Fig 7).
Figure 8 is important in interpreting the relative abundance of prevalent orders in pond 4
because Chloroplast and unidentified orders dominated the sample from 18-June-2019 to 10Nov-2019.

Figure 8. Relative Abundance of Top 200 Most Prevalent Bacterial Orders throughout System Recovery
Study by Sample Location. Sample Locations within the ponds, wetlands, and Chartiers Creek are labelled
A.P1-5, A.WI and B.WE, and CC, on the x-axis respectively. The relative abundance (y-axis) of the top 200
most prevalent bacterial orders (excluding Chloroplast and sequences unidentifiable at the Order level) from
the duration of the study were plotted over time to show the system’s progression from disrepair (Dry; 18June-2019 and 12-Sept-2019) to its initial fill in fall 2019 (FillFall; 26-Oct-2019 10-Nov-2019) and into winter
2019-20 (FillWinter; 7-Dec-2019 and 31-Jan-2020). Stacked bar graphs represent abundance values for the
same OTU at a given sample location with the total bar heigh representing the sum of all reads at that location.
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Subsampling pond 4 from the rest of the system allowed for a closer examination of bacterial
orders at this location (Fig 9). Pond 4’s microbial community composition was of particular
intertest due to the trends in its fill and vegetation from 2017-2020 and absence of bacteria which
are prevalent orders throughout the system (Fig 7). By separating pond 4, ~70% of its bacterial
diversity is accounted for in Figure 9.

Figure 9. Relative Abundance of Top 200 Most Prevalent Bacterial Orders in Pond 4. Pond 4(A.P4) is
listed on the x-axis. The relative abundance (y-axis) of the top 200 most prevalent bacterial orders (excluding
Chloroplast and sequences unidentifiable at the Order level) from the duration of the study were plotted over
time to show the system’s progression from disrepair (Dry; 18-June-2019 and 12-Sept-2019) to its initial fill in
fall 2019 (FillFall; 26-Oct-2019 10-Nov-2019) and into winter 2019-20 (FillWinter; 7-Dec-2019 and 31-Jan2020). Stacked bar graphs represent abundance values for the same OTU at a given sample location with the
total bar heigh representing the sum of all reads at that location.

The system and wetlands sample points were aggregated in order to serve as a comparison
between the system and subsequent wetlands with Chartiers Creek as a control in viewing the top
200 most prevalent Orders (Fig. 10). As before, Chloroplast and unidentified bacterial orders
were removed for analysis of prevalent bacterial orders (Fig 11). Overall, the system and
wetlands had at least double the abundance of the study-wide top 200 prevalent bacterial orders
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at any given point (Fig. 11). Subsampling Chartiers Creek from the dataset accounts for ~60% of
the bacterial diversity observed at this location (Fig.12).

Figure 10. Relative Abundance of Top 200 Most Prevalent Orders throughout System Recovery Study
by Sample Location. Sample dates from 18-June-2019 ro 31-Jan-2020 are listed on the x-axis. The relative
abundance (y-axis) of the top 200 most prevalent orders from the duration of the study were plotted between
locations A.System (ponds 1-5), B.Wetlands (WI and WE) and Chartiers Creek (CC). Stacked bar graphs
represent abundance values for the same OTU at a given sample location with the total bar heigh representing
the sum of all reads at that location.

Anaerolineales, Chloroplast, Tepidisphaerales, Candidatus Nomurabacteria, and several
unidentified bacterial Orders were the most prevalent Orders on 18-June-2019 (Fig. 11). On 12September-2019, the most prevalent bacterial Orders were Methanomassiliicoccales,
Nitrospirales, and an unidentified Order (Fig. 11). On 26-October, an initial decrease in bacterial
abundance was observed at the beginning and middle ponds (1-4) with a subsequent increase in
the abundance of Candidatus Lloydobacteria and Chloroplast in ponds 1 and 5, respectively (Fig.
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11). Further increases in the diversity and relative abundance of prevalent bacterial Orders were
observed in ponds 1 and 3 on 21-Nov (Fig. 11). Methanomassiliicoccales remained relatively
abundant in pond 5 on 21-Nov despite decreasing in abundance while ponds 2 and 4 remained
relatively absent of prevalent orders (Fig. 11). The winter sample dates (7-Dec and 31-Jan) saw a
sustained increase in the abundance and diversity of prevalent bacterial Orders in pond 1 (Fig.
11). Compared to the fall samples (26-Oct and 21-Nov), winter samples (7-Dec and 31-Jan) were
relatively absent of Chloroplast in Ponds 2-5 but saw an increased abunbdance of Chloroplast in
Pond 1 and the wetlands effluent as compared to fall (Fig. 7). Prevalent orders in the fall samples
included: Candidatus Lloydobacteria, Candidatus Moranbacteria, Caulobacterales, Chloroplast,
Propionibacteriales,Tepidisphaerales, Nitrospirales and Methanomassiliicoccales while the
winter included: Candidatus Lloydobacteria, Candidatus Moranbacteria, Caulobacterales,
Gemmatimonadales, Micrococcales, Nitrospirales, Tepidisphaerales, Kryptoniales,Chloroplast
and Methanomassiliicoccales (Fig. 7).

On 18-June and 12-Sept (dry sample dates), the wetland influent contained Bryobacterales,
Frankiales, and Micrococcales and Chloroplast and Microtrichales among other prevalent
bacterial orders (Figure 7). After the system’s initial fill (26-Oct), Chloroplast began to diversify
and increase in relative abundance, eventually becoming the dominant order on 31-Jan (Figure
7). Rhodobacterales was a prevelant bacterial order at WI on 26-Oct but was quickly replaced by
Microtrichales and Micrococcales into late fall (21-Nov) and early winter (7-Dec) (Figure 7).
Beginning in late fall (21-Nov), Chloroplast and an unidentified bacterial order began to increase
in relative abundance at WE (Figure 7). Campylobacterales, Microtrichales, and an unidentified
bacterial order were relatively prevalent bacterial orders at WE in late winter (31-Jan) (Figure
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7). While Chloroplast decreased in prevalence during the winter in the system (Figure 7), it
concurrently increased in prevalence in the wetlands (Figure 7).

Figure 11. Relative Abundance of Top 200 Most Prevalent Bacterial Orders throughout System
Recovery Study by Sample Location. Sample dates from 18-June-2019 to 31-Jan-2020 are listed on the xaxis. The relative abundance (y-axis) of the top 200 most prevalent bacterial orders (excluding Chloroplast and
sequences unidentifiable at the Order level) from the duration of the study were plotted between locations
A.System (ponds 1-5), B.Wetlands (WI and WE) and Chartiers Creek (CC). Stacked bar graphs represent
abundance values for the same OTU at a given sample location with the total bar heigh representing the sum of
all reads at that location.
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Figure 12. Relative Abundance of Top 200 Most Prevalent Bacterial Orders in Chartiers Creek.
Chartiers Creek (CC) is listed on the x-axis. The relative abundance (y-axis) of the top 200 most prevalent
bacterial orders (excluding Chloroplast and sequences unidentifiable at the Order level) from the duration of
the study were plotted over time to show the system’s progression from disrepair (Dry; 18-June-2019 and 12Sept-2019) to its initial fill in fall 2019 (FillFall; 26-Oct-2019 10-Nov-2019) and into winter 2019-20
(FillWinter; 7-Dec-2019 and 31-Jan-2020). Stacked bar graphs represent abundance values for the same OTU
at a given sample location with the total bar heigh representing the sum of all reads at that location

The Effects of Polyurethane Used in PRS Repair on Bacteria
During the system’s repair, 11,000 lbs of polyurethane foam (SubTechnical) was used to seal the
mine breach and slow the flow of AMD before the addition of a permanent cement plug. We
hypothesized that polyurethane could be utilized as a carbon source by bacteria due to previous
examples in the literature45, 53, 55-56 . To test the potential influence of polyurethane foam on
AMD-associated bacteria, a 7-week enrichment culture with 2% polyurethane as the sole carbon
source was performed on environmental slurry samples from locations in and around the
Wingfield Pines PRS. After enrichment, cultures were diluted and plated for single colonies. To
determine if AMD associated bacteria could utilize polyurethane as a sole carbon source,
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purified colonies were tested in liquid cultures. Colonies for which growth curves were prepared
are summarized in Table 4. Table 4 provides photographs of the ten colonies chosen for the
growth curve study. Growth curves for polyurethane-enriched colonies were conducted in order
to calculate generation times on both 2% polyurethane and 10mM lactate (Table 5). Lactate
served as a standard carbon source for comparison.

On average, the generation time of colonies in Table 5 was halved when 10mM lactate was the
carbon source as compared to 2% polyurethane. All colonies except GS10 and GS13 had
generation times less than 2 hours on lactate (Table 5). Only GS10 had a longer generation time
on lactate as compared to 2% polyurethane (Table 5). Despite having a longer generation time
on lactate, the final OD600 value was greater as compared to GS10 2% polyurethane (Table 5).

Colony
Name
GTS1
GTS2
GTS3
GTS4
GTS5
GTS7

Table 4. OD600 Growth Curve Colony Identity Key
Sample
Sample Description
Colony
Location
Photograph
Pond 1
Bright red colony from
pond 1 polyurethane (2%)
enrichment
Pond 1
Creamy white colony from
pond 1 polyurethane (2%)
enrichment
Pond 1
Bright red colony from
pond 1 polyurethane (2%)
enrichment
Pond 1
Creamy white colony from
pond 1 polyurethane (2%)
enrichment
Pond 1
Bright red colony from
pond 1 polyurethane (2%)
enrichment
Holding Pond
Creamy white colony from
holding pond polyurethane
(2%) enrichment
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Gram
Stain (+/-)
+
+
+
-

GTS10

Holding Pond

GTS13

Wingfield Pines
PRS Confluence
with Chartiers
Creek

GTS14

Upstream
Chartiers Creek

GTS15

Separate
Holding Pond
Across Chartiers
Creek from
Wingfield Pines
PRS (Unclaimed
AML)

Creamy white colony from
holding pond polyurethane
(2%) enrichment
Creamy white colony from
Chartiers Creek’s
confluence with system
effluent polyurethane (2%)
enrichment
Creamy white colony from
Chartiers Creek upstream
of AMD effluents
polyurethane (2%)
enrichment
Creamy white colony from
separate, untreated AMD
pond polyurethane (2%)
enrichment

-

+

-

Table 5. Generation Times of Purified Colonies Enriched on 2% Polyurethane
Colony Name
Generation
Final OD600 on Generation
Final OD600 on
Time on 2%
2%
Time on 10mM 10mM Lactate
Polyurethane
Polyutrethane
Lactate (hours)
(hours)
GTS1
2.94
0.074
1.53
0.428
GTS2
10.98
0.236
1.23
0.270
GTS3
1.83
0.135
1.26
0.432
GTS4
1.28
0.044
1.47
0.470
GTS5
1.60
0.134
1.17
0.343
GTS7
2.82
0.299
1.71
0.209
GTS10
1.84
0.032
3.26
0.083
GTS13
4.30
0.354
2.30
1.027
GTS14
3.74
0.374
1.93
0.913
GTS15
6.61
0.387
1.51
0.904

The relative abundance of urease-associated bacterial genera (Table 2) was calculated by pond
(Fig. 15) and date (Fig. 16) in order to determine the effect of the use of polyurethane during the
system’s repair on microbial community composition. Arthrobacter was found in ponds 1 and 5
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at relatively low abundance compared to Chartiers Creek (Fig. 15). Arthrobacter was most
prevalent on 18-June, before the system’s repair (Fig. 16). Pseudomonas was only prevalent in
pond 2, while Rhodococcus was found in ponds 3, 5, and WI (Fig. 15). Pseudomonas did not
become prevalent until late winter (31-Jan) (Fig. 16). Compared to WI, Rhodococcus was
relatively low in abundance in ponds 3 and 5 (Fig. 15). Rhodococcus increased in relative
abundance after the system’s initial fill and into late fall (26-Oct through 21-Nov) (Fig. 16).

Figure 15. Relative Abundance of Polyurethane-Associated Bacterial Genera throughout System
Recovery Study by Sample Location. The relative abundance of polyurethane-associated genera from Table
2. (y-axis) was plotted for each sample location (x-axis) throughout the study. Stacked bar graphs represent
abundance values for the same OTU on a given sample location with the total bar heigh representing the sum
of all reads at that location.

62

Figure 16. Relative Abundance of Polyurethane-Associated Bacterial Genera throughout System
Recovery Study by Date. The relative abundance of polyurethane-associated genera from Table 2. (y-axis)
was plotted for each sample date (x-axis) throughout the study. Stacked bar graphs represent abundance values
for the same OTU on a given sample date with the total bar heigh representing the sum of all reads on that
date.

The alpha diversity of each sample point was calculated by date using the just observed metric in
order to identify trends in the system and wetlands associated with the system’s repair and
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recovery (Fig. 17). As time progressed during the study, samples varied less in alpha diversity
(Fig. 17). The largest gap in alpha diversities was between ponds 1 and 4 on 21-Nov (Fig. 17).
Through early winter (7-Dec) into late winter (31-Jan), the gap between alpha diversities began
to decrease (Fig. 17). A decrease in the alpha diversity of early ponds (1-3) was observed after
the system’s fill (26-Oct) while pond 5 through the wetlands saw concurrent increases in alpha
diversities (Fig. 17). In general, alpha diversities began decreasing at sample sites in early winter
(7-Dec) and continued into late winter (31-Jan) (Fig. 17).

Figure 17. Alpha Diversity of Sample Locations throughout System Recovery Study by Date. The metric
“observed ASVs” was used to plot the number of unique ASVs (y-axis) on each sample date (x-axis). The
samples were color coded by sample location: P1 (red), P2 (orange), P3(lime), P4(green), P5(light blue), WI
(dark blue), WE (purple), and CC (pink).
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The beta diversity between each sample point was calculated using a principal coordinates
(PCoA) plot in order to identify trends in the system and wetlands associated with the system’s
repair and recovery (Fig. 18). Minor clustering of the system’s ponds between sample dates was
observed on the principal coordinated plot (PCoA) (Fig. 18). The clustering of the system was
circled in green in Fig. 18. Minor clustering of the 18-June and 12-September sample dates was
circled in purple (Figure 19). Overall, the clustering in the PCoA plot accounts for ~5% of the
diversity between samples (Fig. 18).

Figure 18. Principal Coordinates (PCoA) Plot of Wingfield Pines PRS. Examination of Wingfield Pines
Community Composition across all sample points and dates. Clustering accounting for ~5% of the beta
diversity was observed in the latter ponds and wetlands.
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DISCUSSION
Vegetation Effect on Remediation
The widespread increase in vegetation across the Wingfield Pines PRS between 2017-2019 likely
affected flow patterns, retention times, and overall efficiency of remediation in several ways30.
Buxton modelled the evolution of vegetative growth throughout the Wingfield Pines PRS with
growth as a function of fluid velocity using a Lattice Boltzmann model30. Although the system’s
inconsistent fill was not predictable, Buxton’s predictions of full vegetative growth in pond 5 and
channelization in the wetlands serve as a useful model in understanding the effects of increased
vegetative growth on passive remediation efficiency30. Initially, the presence of vegetation may
act to decrease remediation efficiency by increasing channelization and decreasing retention time
which is necessary for oxidation of ferrous iron-laden AMD30.

The partial vegetation cover in ponds 1, 2, and 3 likely acts to decrease remediation efficiency in
the Wingfield Pines PRS because it is not dense enough to establish “plug flow,” where the fluid
is dispersed evenly throughout dense vegetation30. Instead, sparse vegetation (or anything less
than the threshold needed to establish plug flow) acts to cause dead zones and channelization,
thereby decreasing remediation efficiency30. Although pond 4 remained mostly devoid of
vegetation, Buxton’s model identified signs of channelization even throughout the unvegetated
pond 430. The vegetation in pond 5 was the most dense throughout the system recovery study, as
predicted by the natural progression of vegetation growth in Buxton’s model30.

As the vegetation in the ponds increases in density and plug flow is established, retention time
increases, channelization decreases and remediation efficiency increases30 . The current level of
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vegetation in pond 5 is comparable to the level Buxton modelled after 500,000 iterations (Figure
5d, Buxton, 2018)30. At that point channelization of flow in pond 5 is minimized as plug flow is
established30 . If additional ponds reach full vegetative cover and plug flow, the overall efficiency
of the Wingfield Pines system will continue to improve30. Until vegetation reaches plug flow, it
likely acts to cause channelization and dead zones in ponds 1, 2, and 330. Removing vegetation
may actually damage the system by constantly setting back its evolution of vegetation cover in
establishing plug flow30 . Some areas of the system, such as the wetlands, maintain channelization
despite dense vegetative cover due to unique flow patterns and shallow depths30.

The Lattice Boltzmann model of flow in the Wingfield Pines PRS should be reconducted to
account for the unexpected influx of vegetation caused by the system’s inconsistent fill between
2017-201930. Along with improved flow models, field data on flow rate and pattern should be
used to determine whether pond 5 has reached plug flow. Additionally, identifying the flow
patten of newly vegetated ponds 1, 2, and 3 will inform management decisions on partially
vegetated retention ponds. If establishment of plug flow is not possible due to the velocity, depth,
or flow pattern of ponds 1-4, vegetation may act to decrease remediation efficiency30 .

Pond 4
Without a source of AMD following the system’s rupture in 2017, the Wingfield PRS remained
largely dry until its repair in 2019. Unlike ponds 1-3 and 5, pond 4 retained standing water
during the system’s dormancy. Several phenomena may explain pond 4’s maintenance of water
during the 2-year dormancy. First, pond 4 could have an impermeable bed which allowed the
accumulation and retention of runoff and rainwater. This explanation accounts for the retention
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of water in pond 4 but fails to explain why other ponds did not similarly accumulate rainwater
and runoff. Second, pond 4 could have a second source of water such as a groundwater
influence. If pond 4 receives groundwater, the geology of the underlying bedrock and chemistry
of groundwater leachate may introduce detectable changes in the geochemistry of pond 4 and
beyond. During the dormancy period, the wetlands portion of the system remained saturated but
did not have any standing water like pond 4. Determining the secondary source feeding pond 4
may be relevant to future biogeochemical and flow rate studies of the system. Additionally,
factors such as a secondary source of water may present unique environmental management
situations during the system’s aging and potential decommissioning. These factors must also be
considered when making long-term decisions such as updating/dredging the system and
maintaining its continued operation.

System Recovery
As hypothesized, elevated iron levels were observed throughout the Wingfield Pines PRS
immediately following its repair and fill. Although the early system (ponds 1-3) did not display a
discernable remediation pattern on day 29-September-2019, 97.62% of total dissolved iron was
remediated between pond 1 to WE (Fig 3A). The 92.46% decrease in total dissolved iron from
pond 4 to pond 5 on 29-September-2019 suggests a high capacity of pond 4 to remediate iron
immediately after the system’s repair while earlier ponds concurrently experienced variable
remediation and elevated iron concentrations (Fig 3A). The high immediate efficiency of iron
remediation between pond 1 and WE as well as the presence of a discernable remediation pattern
by day 11, suggests high efficiency of geochemical iron remediation without the need for any
buffer period (Fig 3A). The high (>97%) iron remediation attained throughout the system early
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in the study is similar to rates observed in a passive, constructed wetlands system in Whittle
Colliery, UK receiving Fe, Mn, and sulfate-laden AMD69.

The recovery of the Wingfield Pines System revealed several trends in dissolved iron. In addition
to the effects of the system’s repair and recovery, it is important to consider seasonal variations
in iron trends in the Wingfield Pines PRS previously identified by Valkanas and Trun26 . Fe
remediation decreases in fall compared to other seasons throughout the Wingfield Pines PRS26.
Increased Fe concentrations observed in fall samples just after the system’s repair must be
compared to those in the fall following the system’s continued operation. While the 29September-2020 datapoint suggests that Fe concentrations decreased in the fall a year after the
system’s repair, more datapoints are needed. If sustained decreases in total dissolved Fe
concentrations are observed into the future against the expected increase attributed to decreased
remediation efficiency in the fall, the influx of iron observed just after the system’s repair cannot
be attributed entirely to seasonal variations. Instead, two phenomenon which are not mutually
exclusive could account for the increased Fe concentrations in Fall 2019. First, the sudden influx
of AMD into the system acted to dissolve Fe oxides deposited as dried AMD sludge on the pond
beds, appearing as a surge in concentrations36, 70. This idea is supported by the fact that slightly
increased Fe concentrations were observed at the Chartiers Creek sample location the week after
the initial surge on 29-September-2019. Second, the system may take several weeks or months to
reach peak efficiency.

Since the system’s repair coincided with the increased remediation efficiency expected in the
winter, the available dissolved metal data cannot answer the question alone. If bacteria are
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partially responsible for the system reaching peak efficiency, a lag period in their growth would
be expected as communities colonized the ponds. Comparing dissolved Fe concentrations after
the system’s repair to future seasonal measurements are needed to ensure trends observed in
2019-20 were truly due to the system’s recalibration period. Additionally, 16s DNA data
retrieved during the study will act as an important benchmark for future studies. By comparing
the microbial communities observed just prior to the system’s repair to those in the years after
the system’s repair will answer the question as to whether AMD-associated communities require
a long period of time to accumulate withing passive remediation systems.

As hypothesized, iron was partitioned throughout the Wingfield Pines system in several
consecutive Zones (Figure 5). Pond 2 and the wetlands were responsible for the majority of iron
remediation throughout the study (Fig 5). These locations showed significant reductions in total
dissolved Fe between 29-September-2019 and 29-September-2020 (Fig 5). The Wingfield Pines
PRS was designed to remediate iron geochemically via oxidation and series of settling ponds,
therefore the gradual decrease in [Fe] between ponds (Fig 3A) with several locations where the
most significant remediation occured (Fig 5) was not unexpected.

Unlike iron, manganese took longer to establish efficient remediation. Although a discernable
manganese remediation pattern was observed by day 11, the overall efficiency of manganese
remediation was 62.12% between 29-Sept-2019 and 10-Nov-2019 (Fig 3B). Manganese
remediation efficiency steady increased from 21-Nov-2019 through 31-Jan-2020, reaching a
peak of 86.67% before decreasing into late winter/fall 2020 (Fig 3B). Interestingly, the system’s
efficiency in remediating Mn positively correlated with the [Mn] 11 days post repair and beyond
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where efficiency tended to increase as [Mn] did and vice versa. The variable remediation of Mn
and average removal of 69.58% was comparable to efficiencies obtained in a review of
constructed/natural wetlands and passive biochemical reactors (containing SRBs) receiving Mnrich AMD70. Furthermore, it was expected that Fe would be removed more efficiently than Mn
throughout the system due to the lower redox potential required to form iron oxides as compared
to manganese oxides70. The trends identified in Figure 3B as well as the Mn zones in Figure 6
both indicate that the end of Zone 1 is responsible for the greatest average removal of Mn within
the system. The fact that Mn varied significantly from pond 1 influent to pond 4 influent without
varying significantly between pond 1 and 2 or 1 and 3 influents suggests that pond 3 is
responsible for the greatest remediation of Mn within Zone 1 (Fig 6).

The efficiency of Mn removal is also dependent on complex interactions with Fe70. When the
Fe/Mn ratio exceeds 4, the precipitation of Mn is inhibited70. On average, the Fe/Mn ratio
exceeded 4 in the system (ponds 1-4) while remaining less than 4 throughout the wetlands (WIWE). Additionally, pond 3 had an average Fe/Mn ratio of 4.04, only slightly exceeding the
threshold for reduced Mn remediation70 . A review of Mn remediation in the presence of Fe found
that in general Mn is only remediated if dissolved Fe is in concentrations less than 1ppm70.
Throughout the duration of the study significant Mn reductions were seen between pond 1
influent and pond 4 influent. On average, this location contained Fe/Mn ratios less than or near 4;
thereby allowing for the remediation of Mn.

A seasonal study of the Wingfield Pines PRS before its disrepair (2017) acted as a comparison
point for system performance26. It is important to note two key differences between the seasonal
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study by Valkanas and Trun26 and the system recovery study. First, the seasonal study contained
timepoints from all 4 seasons26 while the system recovery study only contained fall and winter
timepoints. Additionally, the seasonal study took water samples from filtered slurry grabs26 while
the system recovery study used filtered, nitric acid preserved water samples. Nevertheless, Mn
and Fe remediation can be compared throughout the system using remediation percentages. In
the system recovery study, the system’s repair was completed during fall 2019. The seasonal
study suggested that the system’s remediation of iron varied seasonally26. In 2017, iron
remediation was less efficient in the fall (51%) than other seasons (81%)26 . Therefore, the
system’s reinstalment in 2019 was expected to display poor remediation of iron due to seasonal
conditions26. Instead, Fe remediation was 97.61% immediately after the system’s repair on 29September-2019 and never fell below 93% during the course of the study.

The 2017 seasonal study suggested that variations in microbial community, photosynthesis rates,
and carbon source availability likely caused the observed decreased in iron remediation in fall26 .
Because the system was largely dry prior to 29-September-2019, aquatic photosynthesis was not
occurring and large microbial communities from the previous summer had not accumulated in
the PRS ponds. Therefore, the system may have largely avoided the decrease in remediation
efficiency expected in fall 2019 due to an absence of many seasonal features such as an
established microbial community and bioavailable carbon sources which would usually
accumulate and cycle in the system throughout the year26. Also, it is possible that the differences
in sampling and methodology between the system recovery study and 2017 seasonal study26
accounts for the varying observations in iron remediation efficiency between 2017 and 2019-20.
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Unlike Fe, Mn was not remediated in the 2017 seasonal study and on average tended to increase
towards the end of the system26 . Particularly, the wetlands influent and effluent saw manganese
spikes in fall 201726. This trend was not observed during the 2019 system recovery study.
Several small increases in Mn between WI and WE were observed during, but overall, the
wetlands acted to remediate Mn. Besides a small spike 42 days post repair (10-Nov-2019), WE
was consistently lower in dissolved Mn concentrations than WI (Fig 3B). Valkanas and Trun
concluded that the Mn spikes observed in fall 2017 were likely caused by a reduction of Mn
oxydroxides26.The remediation of Mn throughout the Wingfield Pines PRS in throughout 20192020 conflicts with the increases in concentration observed in fall 201726. One explanation for
the variation is sampling and methodology. Alternatively, the proliferation of plants throughout
the system and wetlands could account for increased Mn remediation. Wetlands and systems
with a high diversity of aquatic plants including bryophytes and other vascular plants show
increased Mn remediation70 . Furthermore, aquatic plants may decrease channelization, thereby
increasing Mn remediation, once an optimum density is reached30, 70. Unlike in 201726, the
system and wetlands may have formed optimum Fe/Mn and O2/Mn ratios, allowing for greater
Mn remediation in 2019-20. The Mn partitioning zones in Figure 6 depict the locations within
the system where Mn remediation occurred.

During the system recovery study, Zone 1 (ponds 1-3) acted to remediate Mn (depicted with
white arrow in Fig 6). Overall, pond 3 and the wetlands had favorable Fe/Mn ratios (~4 or
lower), allowing the oxidation of Mn(II) to Mn(IV) which requires a higher redox potential than
Fe(II)70. Interestingly, Mn remediation was not significant in the wetlands despite favorable
Fe/Mn ratios70 . Unlike pond between ponds 1 and 2 or 1 and 3, the decreased in Mn between
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ponds 1 and 4 influents was significant and can be accounted for by optimal Fe/Mn ratios.
Additionally, the presence of Fe(II) in pond 2 was expected to inhibit Mn(II) oxidation70 , further
suggesting that pond 3 accounted for the bulk of manganese remediation seen in Zone 1. While
abiotic sorption of Mn by aquatic plants and microbial oxidation of Mn(II) may account for the
remediation seen in pond 3, it is likely biogeochemical in nature (Fig 6)70.

Sulfate was not remediated during the 2017 seasonal study and had a concentration of ~300ppm
throughout the system on any given season26. During the system recovery study, sulfate levels
nearly doubled (Fig 3C) but remained un-remediated from system influent to effluent. The large
increase in sulfate could be due to differences in methods between the 201726 and 2019-20
studies or variable effluent from the AMD effluent in the mine itself. The high sulfate
concentrations throughout the system and the slight (not significant) decrease of Mn, and Fe seen
in the wetlands may be evidence for the biotic formation of metal sulfides22, 36. Sulfate reducing
bacteria (SRB) were prevalent enough during the 2017 seasonal study to impact remediation26 .
The maintenance of saturated soils and standing water in portions of the wetlands during the
system’s repair may have aided in the maintenance of SRB communities in the wetlands71 .
Additionally, Valkanas and Trun identified that SRB were most prevalent in the WP system
during the fall and winter26.

Limitations
Sampling locations within the system were limited by vegetation, system features (troughs,
fountain pipe, and flow grates) and the depth of AMD/sludge within the ponds. Therefore, water
and slurry samples were limited to the influents and effluents of the ponds where the depth,
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vegetations, and system architecture are suitable for collection. Collecting samples at the influent
of each system provides a great overview of the entire system but tends to generalize the
conditions within a given pond. For example, the pollution partitioning models relied on the
creation of “zones” within the system. These zones are a simplification of the complex chemistry
that occurs within each pond but provide a model for understanding how contaminants move
through the PRS. In reality, each zone is comprised of multiple sub zones which are connected in
a continuum of oxidized and reduced species. The system and is also influenced by the depth and
flow of AMD due to their effect on dissolved oxygen, turbidity, temperature, and pH.
The growth of bacteria during the polyurethane enrichment and growth curve experiments may
have been limited by several factors including temperature, aeration, and surface area of
polyurethane media.

Recommendations
The effect of the vegetation within the Wingfield Pines PRS should be determined in order to
inform management decisions. Consistency is important when it comes to vegetation
management due to the way vegetation interacts with flow efficiency30. The density of vegetation
within a PRS must reach a certain threshold before it increases flow efficiency, and therefore
remediation30 . Therefore, sparse vegetation may actually decrease remediation efficiency until it
becomes dense enough such that channelization does not occur30. It is important to maintain
consistent decisions when it comes to vegetation management because inconsistent management
may act to perpetuate channelization and prevent vegetation from becoming dense enough to
benefit remediation. Therefore, vegetation should either be managed continually or not at all.
Since vegetation is inevitable and, a hands-off approach is recommended. Vegetation is a feature
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of increasing influence in aging PRS. Maintaining instead of managing vegetation maintains the
passive nature of PRS. Though vegetation may cause initial channelization as it gains prevalence
within the system, the end result is increased flow efficiency once the threshold density is
reached30. For many metal contaminants such as Fe and Mn a high diversity of plant life tends to
improve remediation efficiency32, 70. Furthermore, wetlands plants may remove heavy metals
from AMD via physical filtration, chemical sorption/absorption and/or complex soil-root
interactions32, 69.

Dredging of ponds must be planned strategically as to not perpetuate channelization. Dredging
too often may prevent plants from ever reaching their threshold density30. In a situation where
AMD creates heavy sediment deposits, frequent dredging may be necessary. In these cases, the
continual management of vegetation may be beneficial because dredging will prevent the
threshold density from ever being obtained. In most cases, systems are dredged every 5-10
years33, 37. The period of time between dredging is often long enough for vegetation to become
quite dense. The Wingfield Pines PRS is due to be dredged. The benefit of dredging the system
is greater than the flow rate effect of vegetation removal and regrowth. However, dredging can
be scheduled as to disturb the vegetation as minimally as possible. Providing enough time for the
vegetation to regrow before spring or introducing native aquatic plants may encourage vegetation
regrowth after dredging, thereby decreasing the amount of time needed to reach the density
threshold to avoid channelization.
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Metagenomic Data
Across all sample locations throughout the duration of the system recovery study, Chloroplast
was the most abundant and diverse microbial order (Fig 7). Chloroplast tended to increase in
abundance towards the end of the system and wetlands, as expected. Despite a decrease in
abundance on 7-Dec, Chloroplast increased in abundance in the wetlands into winter 2020 (Fig
7). This trend was unexpected because Valkanas and Trun identified a decrease in photosynthetic
microbial Phyla in the Wingfield Pines System during the winter season26. The increase in plant
abundance likely accounts for the concurrent increase in Chloroplast abundance seen in 20192068. The large abundance and diversity of Chloroplast is also suggestive of biofilm formation
throughout the Wingfield Pines PRS72 . Separating the system sample points from the wetlands
and Chartiers Creek Sample points allowed for the visualization of microbial diversity in the
ponds and wetlands as compared to Chartiers Creek (Fig 11). Important insight is gained by
comparing Figures 7 and 8. While Figure 8 allows the visualization of bacterial orders, Fig 7
shows the dominance of Chloroplast and unidentified bacterial orders in the samples.

Interestingly, Chartiers Creek had a lower bacterial abundance and diversity than the AMDcontaminated system and wetlands (Fig 11). This trend was unexpected, however several
explanations account for this discrepancy. First, the location of Chartiers Creek where samples
were taken is downstream from both the Wingfield Pines AMD effluent as well as an
unmediated AMD effluent upstream. Additionally, the Chartiers Creek slurry samples were
subject to a faster flow rate and lower average temperatures. Finally, the Chartiers Creek sample
point had less sediment than the AMD-contaminated ponds.
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Throughout the Wingfield Pines PRS, microbial diversity and abundance tended to increase as
time progressed during the system recovery study. This trend was expected because the initial fill
of the system was hypothesized to act as a strong selective pressure for microbial communities
which had adapted to live in dry pond beds during the system’s repair. This trend in microbial
community composition can be seen in Fig 8 where microbial abundance slightly increase after
the initial fill, followed by an increase of microbial abundance in winter.

Several of the most prevalent microbial orders from the system recovery study are summarized
in Table 6. The presence of Candidatus Lloydbacteria, Caulobacterales, Anaerolineales, and
Nitrospirales throughout the Wingfield Pines PRS system during the system recovery study may
indicate a high presence of organic carbon and decay because these bacterial orders are found in
high abundance in AMD-polluted rice paddy soil73-74. Several of the bacterial orders such as
Anaerolineales, Nitrospirales, and Rhodobacterales have been found in soils contaminated by Fe
and S-laden AMD similar to the Wingfield Pines PRS74-75.
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Table 6. Prevalent Microbial Orders Associated with AMD
Microbial Order
Description
Reference
Chloroplast
Abundant in biofilm
Lear et al., 200972
of AMD-impacted
streams.
Candidatus
Found in anaerobic
Li et al., 201973
Lloydbacteria and
rice paddy soil
Caulobacterales
contaminated by Asladen AMD.
Micrococcales
Abundant in soil
Rosenfeld, James,
impacted by Se-laden and Santelli, 201876
AMD.
Anaerolineales and
Abundant in rice
Sun et al., 201477
Nitrospirales
paddy soil
contaminated by
Fe/S-laden AMD.
Methanomassiliicoccus
Found in river
Mendez-Garcia et al.,
sediment impacted by 201578
As-laden AMD.
Rhodobacterales
Abundant in Fe and
Kiskova et al., 201875
S-laden AMD.
The wetlands sample points tended to increase in abundance as time progressed during the
system recovery study (Fig 10). Chloroplast was the most abundant and diverse microbial order
in the wetlands (Fig 10). Throughout the study WI was more abundance and diverse than WE
during the dry sample points and initial fill in fall, although WE increased in abundance and
diversity of bacterial orders into winter 2019-20 (Fig 8). The trends seen through the wetlands
were expected because the system was hypothesized to experience a strong microbial selection
followed by an increase in abundance and diversity as the system stabilized. It was slightly
unexpected that WI was more abundant and diverse than WE throughout the study because WI
has significantly higher concentrations of Fe, Mn, and S. It is possible that the system acts to
select and enrich for AMD-associated bacteria that do not grow was factiously in the
comparatively low contaminant concentrations observed at WE.
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Polyurethane Metagenomic Data
Several bacterial orders associated with polyurethane biodegradation were identified during the
system recovery study, but their distribution throughout the system and time conflicts with the
hypothesis. If the polyurethane used in the repair was subject to microbial biodegradation, it was
hypothesized that an increase in polyurethane-associated microbes would be observed. As
hypothesized, these microbes should have been most abundant in pond 1 and increased in
abundance over time. Instead, WI and CC had the highest abundance of Rhodococcus and
Arthrobacter, respectively (Fig 15). Although the abundance of Rhodococcus and Arthrobacter
did initially increase after the system’s fill, sustained increases associated with biodegradation
were not observed (Fig 16). These results may indicate that the polyurethane used in repair is not
subject to microbial biodegradation. Alternatively, unknown bacteria or bacteria not identified as
polyurethane-associated bacteria may be present and responsible for polyurethane
biodegradation in the underground mine. Alternatively, it is possible that the bacteria responsible
for polyurethane degradation are strict anaerobes and or adapted to specific, extreme conditions
in the underground mine. Therefore, these bacteria would not be expected to be found in high
abundance in the system itself.

Polyurethane Enrichment
The polyurethane enrichment experiment identified several bacterial colonies with generation
times < 2 hours (Table 5). Although GTS3, 4, and 5 had similar generation times on 2%
polyurethane and 10mM lactate, their final OD 600 values were more than doubled (Table 3).
This trend held true for all 10 bacterial colonies. GTS2, GTS7, GTS13, GTS14, and GTS15
showed greater growth on 2% polyurethane within final OD 600 values > 0.200 (Table 5).
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Despite this growth, generation times were much longer than seen on 10mM lactate (Table 5).
The results suggested that polyurethane-enriched bacteria from the Wingfield Pines PRS may
have the ability to utilize polyurethane as a carbon source or growth medium/surface. Additional
tests are necessary to draw conclusions from the polyurethane enrichment study. The
identification of a varying growth on 2% polyurethane suggests that some bacteria in the
Wingfield Pines PRS may biodegrade polyurethane foam. Understanding the effect of AMDassociated bacteria on polyurethane is significant to the long-term function and repair of PRS
systems as well as the recovery of other systems from similar blowout events as seen at
Wingfield Pines in 2017.

Conclusions
Future studies are needed in order to further track the recovery of the Wingfield Pines PRS. The
system recovery study identified trends in contaminants and metagenomic data throughout the
Wingfield Pines PRS. Overall, the system’s decommission, and repair was accompanied by
significant changes to the system’s overall function as well as abundance of plant life. Secondary
effects of increased plant abundance such as channelization and physical filtration (formation of
iron floc on plant surfaces) were observed throughout the system and wetlands. As described,
this study is the first to follow the recommissioning of a previously functioning PRS from its
disrepair to recommissioning. Therefore, little baseline existed to compare the shifting of
microbial communities hypothesized to occur as a result of the system’s fill and stabilization
period. This study acted to provide the background for similar events in the future. Because
microbial communities have been identified in significant enough abundance to influence
remediation in the Wingfield Pines PRS26 , it is important to understand their distribution
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throughout the system. Understanding the effect of PRS decommissioning on microbial
community composition will become an issue of increasing importance as PRS begin to age and
fall out of commission. The hundreds of passive remediation systems throughout PA will
inevitably face similar blowouts and require repair with increasing frequency as they age33-34.
Determining how decommission affects the remediation efficiencies of PRS provides important
insight in the formation of microbial zones within PRS and the role that microbes play in AMD
remediation. Overall, the Wingfield Pines PRS remediation efficiency of Fe and Mn improved
from 2017 to 2019-2026. Sulfate remained un-remediated and nearly doubled in concentration
throughout the system from 2017 to 2019-2026.
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